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Tin has made a vital contribution to everyday life over the thousands of years it has been 
in use. It still plays a significant role by enabling the production of a vast range of 
electronics which are considered to be essential for developing modern society. Almost 53 
% of the tin produced globally is currently being used as solder materials and its use has 
been increased tremendously after banning the use of Pb (lead) in Sn-Pb solder because of 
issues related to public health and green awareness.  
 
With the advent of chip scale packaging technology, size of the electrical components is 
shrinking and numbers of input/output terminals are increasing. Modern world demands 
personal electrical equipments lighter and smaller that are more user-friendly, functional, 
powerful and reliable. Lower strength level, whisker formation and phase transformation 
are the major limiting factors of using pure tin as an interconnect materials. Thus, this 
necessitates to improve properties by varying processing methods and/or to develop new 
interconnection materials by alloying tin with another metal(s) so as to realize a good 
combination of physical, mechanical, electrical and thermal properties in order to cater to 
the ever-stricter service requirements set by electronics industry. 
 
In this PhD research project, both the solid phase (powder metallurgy) and liquid phase 
(disintegrated melt deposition) routes have been used to develop the new generation lead-
free solders. Powder metallurgy (PM) approach was used to improve the strength. Pure tin 
was synthesized using different sintering methodologies (i.e. without sintering, 







conventional sintering and microwave assisted two directional rapid sintering) and 
different extrusion temperatures (room and 230 0C temperature) using the PM technique. 
Characterization studies were then carried out to determine the physical, electrical, 
thermal, microstructural and mechanical properties of tin. Varying amounts of nano-sized 
copper particles were then incorporated into tin to develop high strength Sn-Cu solders. Sn 
with 0.43 wt. (0.35 vol.) % Cu exhibited the best overall thermal and mechanical 
properties which was then selected for aging studies in order to test reliability. 
 
New lead-free Sn-Mg and Sn-Al solders were developed incorporating varying amount of 
Mg (0.8, 1.5 and 2.5 wt. %) and Al (0.4 and 0.6 wt. %) into tin, respectively using 
disintegrated melt deposition (DMD) technique. Low cost Mg and Al metals were selected 
as alloying elements in order to replace high cost silver (Ag) as the solder manufacturers 
are extremely cost conscious. Physical, microstructural, thermal, electrical and mechanical 
characterizations were then carried out on the room temperature extruded samples. Results 
revealed that newly developed Sn-Mg solders exhibited noteworthy improvement in 
microhardness, strength and ductility without compromising other properties when 
compared to other commercially available and widely used Sn-based solder alloys. Room 
temperature tensile test results revealed that low cost Sn-0.6Al solder exhibited significant 
improvement in 0.2 % yield strength (~ 67%), ultimate tensile strength (~ 18%) and 
ductility (~ 123%) when compared to Sn-0.7Cu. Ductility improved by about 222%, 263% 
and 81% when compared to commercially available Sn-3.5Ag-0.7Cu, Sn-3.5Ag and Sn-
37Pb solders, respectively without compromising strength. 
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Chapter 1: Introduction 
 
 





Tin is one of the earliest metals known to mankind. Throughout ancient history, various 
cultures recognized the virtues of tin in coatings, alloys and compounds and its use is 
increased with advancing time and technology. Tin was used in copper as an alloying 
element to make bronze implements (as it has an excellent hardening effect on copper) 
which were used as a symbol of antiquity in ancient society as early as 3500 BC [1]. It still 
plays a significant role by enabling the production of a vast range of electronics which are 
considered lifeline of modern society. Tin is mainly used in electronic/industrial soldering, 
food canning, chemicals, bearing materials, wires and window glasses worldwide [2-3]. 
Around 53 percent of the tin produced globally is being used as solder materials in 
electronic packaging industries and its demand is gradually increasing with the rising 
demand of lead-free solders due to environmental concern in recent years (see Table 1.1 
and Figure 1.1). Non-toxicity and high corrosion resistance also made it one of the most 
suitable candidates for food canning industries [2]. 
 
Excellent wetting and spreading ability of tin on a wide range of substrates has enabled it 
to become the main component of most of the solder alloys used for electrical/electronic 
applications. Moreover, low melting temperature (231.93 0C) with high boiling point 
(2270 0C) makes it an excellent choice for base metal of solders. Even though pure tin 
offers these advantages, lower strength level, formation of whisker, anisotropic thermal 
expansion and phase transformation are the major limiting factors of using pure tin as an 
interconnect materials. Furthermore, with increasing miniaturization and more 
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input/output terminals in chip scale packaging, it is becoming increasingly important to 
ensure the reliability of solders. Thus, this necessitates to improve its properties by 
choosing different processing methods or to develop new interconnection materials by 
alloying tin with other metal(s) so as to realize a good combination of physical, 
mechanical, electrical and thermal properties in order to cater to the ever-stricter service 
requirements set by the electronics industry. 
 


















Figure 1.1 World refined tin use by application in the year 2007 [3]. 
 
Accordingly, the primary aims of this study included:  
1. Development of high strength Sn-Cu solders incorporating nano length copper 
particles using powder metallurgy route, 
2. development of high strength Sn-Mg solder alloys with reasonable ductility, and 
3. development of extremely ductile lead-free Sn-Al solders for futuristic electronic 
packaging applications.  
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Table 1.1 Year-on year world refined tin consumption by end use [3]. 
End Use 
(Tonnes) 2004 2005 2006 2007 
Solder 147,400 166,600 184,600 192,100 
Tinplate 59,900 59,600 61,500 59,400 
Chemicals 49,700 48,700 50,000 50,600 
Brass and Bronze 18,700 18,500 20,200 19,900 
Float Glass 6,800 6,400 6,700 7,700 
Others 35,700 33,000 35,900 33,500 
Total 318,200 332,700 358,900 363,100 
Data: ITRI 
 
1.1 Development of High Strength Sn-Cu Solders Containing Nano-
Sized Copper Particles Using Powder Metallurgy Route 
Powder Metallurgy (PM) is one of the most common processing techniques in producing 
high performance metallic materials for various applications [4]. High quality complex 
shaped parts with close tolerance can be fabricated using powder metallurgy route with 
low cost and these features make it one of the most attractive processing techniques. Key 
steps in PM technique include the blending (for preparing homogenous mixture of 
different powder particles), shaping or compaction of the powder followed by sintering for 
thermal bonding of the particles. Among these, sintering in PM process plays a major role 
in realizing the end properties of the metallic materials by improving bonding between the 
powder particles and minimizing porosity [5]. 
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In this part of the study, pure tin was first synthesized using different sintering 
methodologies (i.e. without sintering, conventional radiant heating and microwave 
assisted two directional rapid sintering) followed by hot extrusion. Characterization 
studies were then carried out on extruded samples to determine the physical, electrical, 
thermal, microstructural and mechanical properties of tin. Pure tin samples processed 
using microwave sintering exhibited the best overall combination of microstructural, 
electrical and mechanical properties. In the second phase of this study, varying amount of 
nano-sized copper particles (0.25 wt. (0.20 vol.) %, 0.43 wt. (0.35 vol.) %, 0.86 wt. (0.70 
vol.) % and 1.35 wt. (1.10 vol.) %) were incorporated into tin and processed using 
microwave sintering assisted powder metallurgy route. The best overall properties (in 
terms of pore morphology, coefficient of thermal expansion (CTE), 0.2% yield strength 
(YS) and ultimate tensile strength (UTS)) were observed for Sn-Cu solders with 0.43 wt. 
% of Cu addition. Effect of amount of Cu addition on the intermetallic compound (IMC) 
layer thickness growth was then investigated in the third phase in order to study reliability 
of solder samples. Sn-0.43 wt. % Cu sample formed the lowest average IMC layer 
thickness with the Cu substrate while Sn-1.35 wt. % Cu formed the highest IMC layer 
thickness in as reflowed condition. These two formulations along with pure tin which was 
used for benchmarking were then selected for further isothermal aging studies (150 0C, 
upto four weeks) and results revealed that Sn-0.43 wt. % Cu solder formed the thinnest 
IMC layer. In essence, Sn-0.43 wt. % Cu system exhibited the best overall properties in 
terms of CTE, microhardness, 0.2% YS, UTS and IMC layer thickness when compared to 
other Sn-Cu solders developed in this study and the commercially available and widely 
used Sn-based solder materials. 
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1.2 Development of High Strength Sn-Mg Solder Alloys with 
Reasonable Ductility 
Lead-free solder materials are the subject of extensive research globally to safeguard the 
health of living organisms and the environment due to the ban on the use of lead-based 
solders (Sn-Pb) in electronic manufacturing industries by most of the countries [6]. 
Among the new generation lead-free solders, Sn-3.5 Ag-0.7 Cu, Sn-3.5 Ag and Sn-0.7 Cu 
(by weight %) are extensively used. Newly developed commercial solder alloys are more 
expensive and exhibit higher melting points when compared to conventional Sn-Pb solder 
alloy. Moreover, all these commercial solders are heavy and the strength is also very low. 
Modern society demands personal electrical equipments that are cheaper, lighter, smaller, 
more user-friendly, functional, powerful and reliable. This necessitates developing a low 
cost, light weight lead-free solder with good combination of physical, thermal, electrical 
and mechanical properties in order to fulfill the ever-stricter service requirements. 
Accordingly, in the present study, low cost lead-free Sn-Mg solders with varying amount 
of Mg (0.8, 1.5 and 2.5 wt. %) were developed using disintegrated melt deposition (DMD) 
technique. Characterization studies revealed that Sn-Mg solder exhibited lighter weight, 
lower melting points, better thermal stability, better microhardness, tensile strength (in 
terms of 0.2% YS and UTS) and ductility when compared to commercially available and 
widely used commercial lead-free Sn-based solders. 
 
1.3 Developments of Extremely Ductile Lead-Free Sn-Al Solders for 
Futuristic Electronic Packaging Applications 
The semiconductor industry has dignified itself by the rapid pace of improvement in its 
product for more than four decades. Component/chip, cost and compactness are the 
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principal categories of improvements which have resulted mainly from the ability of 
electronics industry to exponentially decrease the minimum feature sizes. According to 
Moore’s law, the number of components per chip doubles roughly every two years [7]. In 
accordance with the international technology roadmap for semiconductors (ITRS), it has 
been projected that the pad pitch may fall below 20 μm by 2016 [8]. Hence the 
requirement of solder with better mechanical properties and reliability are essential. 
However conventional lead free solders can no longer guarantee reliability due to poor 
ductility and high cost (see Table 1.2) [9]. In order to ensure cost competitiveness in the 
industry and to meet the issue of reliability, new tin-aluminum lead free binary solders 
were developed using DMD technique. These solders can be produced at low cost and 
exhibit enhanced mechanical properties and better reliability suitable for electronic and 
electrical industries. 
 
Table 1.2 Cost of raw materials [9]. 






http://www.kitco.com (assessed on 05 August, 2008). 
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1.4 Organization of Thesis 
This PhD thesis report comprises of eight chapters. The purpose of each chapter is briefly 
described below: 
 
Chapter 1 provides the motivations and scope of the PhD work and the organization of the 
thesis. 
 
Chapter 2 is devoted to the literature survey on pure tin, its properties, uses, advantages 
and disadvantages. A brief introduction has been given that addresses the different ways 
attempted to improve properties of Sn such as by using different processing route and /or 
incorporating second phase. Motivation to develop new generation of advanced solder 
materials, key properties of lead-free solders, literature review on existing works on lead-
free solders and the selection of materials for new lead- free solders are also discussed in 
this chapter. 
 
Chapter 3 provides information on the materials used in this study and the experimental 
procedures for the synthesis of monolithic and binary solder alloys. The various 
characterization tests conducted in this research project has also been described. 
 
Chapter 4 unveils the results of the effect of sintering types and incorporation of nano-
length copper particles into pure tin using PM route and discussed with the help of 
microstructural evidences. 
 
Chapter 5 describes the development of low cost, high strength and reasonably ductile Sn-
Mg solder alloys. Results from these newly developed lead-free Sn-Mg solders have been 
compared with the commercially available and widely used Sn-based solders. 
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Chapter 6 describes the development of low cost, extremely ductile new lead-free Sn-Al 
solders for futuristic electronic packaging industry. Results obtained from these solders 
have been compared to the existing commercially available solders. 
 
Chapter 7 summarizes the salient facts and findings from the research work carried out in 
this study. 
 
Chapter 8 recommends the future work that can be performed for further improvement of 
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Low melting temperature (232 0C) with high boiling point (2270 0C) and excellent wetting 
and spreading ability on a wide range of substrates has made tin (Sn) an excellent choice 
as base metal for electronic and automobile solder materials for many years [1-3]. Use of 
tin has increased tremendously with the rising demand of lead-free solders in recent years 
all over the world (see Table 1.1) [4]. Conventional Sn-Pb solders use 37-40 weight 
percent Pb which has been completely replaced by a tiny amount of other metals like Ag 
(3.5 wt. %), Cu (0.7 wt. %) etc leading to a tremendous increase in the use of tin [4-6]. 
However, low tensile strength, susceptibility to whisker formation and phase 
transformation discourages the use of tin in its pure form as an electronic solder material 
[7-9]. In microelectronics, devices are shrinking in size and spacing between the solder 
joints are getting closer as the number of input/output terminals increases day by day [10-
12]. Moreover, around 89% lead-free solders use silver (Ag) as an alloying element and its 
cost has increased significantly in last 24 months reducing the profit margin (see Table 1.2 
and Figure 2.1) [13-14]. Accordingly, it is becoming increasingly important to develop 
low cost new interconnect materials with enhanced mechanical properties to realize 
similar or enhanced reliability.  
 
In the following section, summary of literature search is presented related to the 
availability of various types of conventional lead-bearing and lead-free solder alloys. Key 
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properties of these solders have also been studied for developing and comparing the 
















Figure 2.1 Share of lead-free reflow solders in total lead-free solder use [13]. 
 
2.2 Conventional Sn-Pb Solders 
Conventional lead-bearing solders are mostly eutectic Sn-37Pb and near eutectic Sn-40Pb 
solders. They have been widely used throughout the different level of electronic packaging 
industries from about last six decades. Pb is easily available and the cost is also low (see 
Table 1.2), which makes it an ideal alloying element with Sn. Presence of Pb in Sn offers 
lots of advantageous features by eliminating drawbacks of pure tin. Eutectic Sn-Pb binary 
solder melts at 183 0C and that makes this solder adaptable to work with a wide range of 
substrates and devices. Pure tin is prone to single crystal whisker growth which may cause 
electrical shorts in printed circuit boards (PCBs) [9-10]. Pb suppresses the whisker growth 
in tin. Pb also helps to improve the wetting behavior of pure tin by reducing the surface 
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tension [15]. Moreover, Pb acts as a solvent metal, enabling the other joint constituents 
such as Sn and Cu to form intermetallic bond rapidly by diffusing in the liquid state. Phase 
transformation is another drawback of using pure tin below 13 0C. Even a tiny amount of 
Pb (0.1 wt. %) in tin can prevent the transformation of white or beta tin to gray or alpha tin 
[16]. All the above mentioned advantageous features along with good electrical, thermal 
and mechanical properties made Sn-Pb formulations an automatic choice as solder 
materials in electronic industries before the legislation imposed on the use of Pb [17].  
 
2.2.1 Detrimental Effects of Pb on Human Body 
The environmental protection agency (EPA) has cited Pb as one of the chemical elements 
that can cause serious threat to the environments and human beings [18]. It can have 
adverse health effect when it accumulates in the body over time. Pb hinders normal 
processing and function of the human body when it binds strongly to the proteins. 
Reproductive system can be disordered along with nervousness with the presence of Pb in 
body. Pb also affects the structure and function of thyroid gland, delays in neurological 
and physical developments, cognitive and behavioral changes, increases the chance of 
hypertension and anemia [19-20]. Children’s are more vulnerable to Pb toxicity than 
adults because of the metabolic and behavioral differences [21]. Based on knowledge of 
the health effects of lead in adults, the U.S. Public Health Service declared a health 
objective for the year 2000: the elimination of all exposures that result in blood lead 
concentrations greater than 25 μg per dL in workers [22]. The adverse effect of health 
appears even with blood concentration as low as 10 μg per dl [23-24]. 
 








Because of the toxic nature of Pb and its detrimental effects on health and environment, 
the legislation of the limited use of Pb was introduced by the US Congress in 1990 [7, 17, 
25]. On 23rd January, 2003, the Council of the European Union (EU) and the European 
Parliament adopted directive 2002/95/EC on the restriction of the use of certain hazardous 
substances in electrical and electronic equipment [17]. According to European Union 
Waste Electrical and Electronic Equipment (WEEE) and Restriction of Hazardous 
Substance (RoHS) directive, Pb had to be eliminated from electronic system by July 1, 
2006 [26]. Inspired by the EU directives, Japan, China, South Korea and the State of 
California (USA) have imposed similar regulations to limit the use of lead and other 
RoHS toxicants in electronic and electrical equipment [17, 27-29]. Therefore, to move 
beyond lead-bearing solders, developing suitable alternative lead-free solders is of 
paramount importance. 
 
2.3 Lead-Free Solders 
Conventional Sn-Pb solders have been used throughout the electronic packaging industries 
since they have a low melting point (183 0C), low cost, excellent wettability and 
manufacturability [7, 10, 12]. However, the health and environmental concern over the use 
of toxic Pb has led to its ban in electronic products. In order to move beyond lead bearing 
solders, researchers and the manufacturers have developed quite a number of lead-free 
solders, mostly Sn based. The principal commercial lead-free solders presently available 
are eutectic Sn-3.5Ag [30], Sn-0.7Cu, Sn-57 Bi [31], Sn-9Zn [32] and Sn-51In [7] as well 
as their more complex alloys. In most cases, eutectic composition is desirable as it has low 
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and single melting point that helps to avoid partial melting or solidication of the solder 
materials. Moreover, acceptability and the industry wide application of the solder depends 
on the desired materials characteristics in terms of wettability, coefficient of thermal 
expansion (CTE), electrical and thermal conductivity, mechanical strength and ductility, 
reliability (creep and thermal fatigue resistance), corrosion resistance, manufacturability 
and most importantly, the cost of the end product [33]. Table 2.1 summarizes some of 
these properties that are of importance from the manufacturing and long term reliability 
point of view [10]. 
 
Table 2.1 Important properties of solder alloys [10, 34-35]. 
Properties relevant to performance and 
reliability 
Properties relevant to manufacturing 
Coefficient of thermal expansion Cost 
Electrical conductivity (resistivity) Manufacturability 
Thermal conductivity Melting/liquidus temperature 
Mechanical properties Wettability on copper 
Intermetallic compound layer formation Environmental friendliness 
Corrosion and oxidation resistance Availability 
 
The lead-free replacements that are developed so far are suitable for application specific. 
There is no lead-free solder that is developed so far that can fulfill all the characteristics 
that are exhibited by Sn-Pb solder. Table 2.2 shows the melting temperature of Pb free 
eutectic solders with their most advantageous and disadvantageous features [34-35]. 
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221 ¾ Better mechanical properties 
¾ Soldering temperature can 
be lowered by Bi 
¾ High cost 
¾ High soldering 
temperature 
¾ Poor compatibility 
with Alloy-42. 
Sn-0.7Cu 227 ¾ Cheapness ¾ High soldering 
temperature. 
Sn-57Bi 139 ¾ Low soldering temperature ¾ Very brittle 
¾ Poor heat resistance. 
Sn-9Zn 198 ¾ Same soldering temperature 
as for Sn-37Pb 
¾ Severe oxidation 
¾ Poor heat resistance. 
Sn-51In 120 ¾ Very low soldering 
temperature 
¾ Highly expensive 
¾ Low creep resistance. 
Sn-37Pb 183 ¾ Low cost 




2.4 Key Properties of Solders 
When developing and/or selecting an alternative to the widely used conventional solders, 
it is crucial to ensure that the properties of the alternative solder must be comparable or 
superior to that of the conventional solders (see Table 2.1). The key properties of solder 
that are of importance for electronics application are briefly discussed in the following 
sections. 
 
2.4.1 Melting/Liquidus Temperature 
For electronic applications, the liquidus or melting temperature of solder is perhaps the 
most important factor from a manufacturing point of view [10]. Conventional Sn-Pb 
eutectic solder melts at 183 0C and most of the assembly equipment in use today is 
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designed to operate using 183 0C as a base reference. Although some variation in the 
baseline temperature (~ 50 0C) can be accommodated by the equipments currently in use, 
if the melting temperature of alternative solder is noticeably higher, then new equipment 
will have to be purchased by manufacturers. This will result in high capital expenditure 
and production cost. Due to prevalent usage of thermoset polymers in microelectronic 
packaging for encapsulation substrate and attaching the silicon die to the substrate, 
processing temperature should maintain close to 183 0C. The typical solder reflow time is 
90 seconds while reflow temperature is 220 0C, which represents a margin close to 40 0C. 
If the polymeric materials can withstand a maximum temperature of 250 0C for about 120s 
without onset of degradation, then it becomes possible to use solder alloys with liquidus 
temperatures around 230 0C as it provides 20 0C safety margins to the polymers. 
 
2.4.2 Wetting Characteristics 
Wetting must take place in order to form a metallurgical bond between the liquid solder 
and substrate. The wetting (soldering) process is illustrated in Figure 2.2 and can be 
divided into three stages: (1) spreading, (2) base metal dissolution and (3) formation of an 
intermetallic compound layer [36-37].  
 
According to the Young-Dupre equation, the contact angle (θ) is determined from the 
balance of surface tensions at the juncture [10]: 
 
θγγγ CosLASLSA +=         (2.1) 
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where SAγ  is the surface tension of the solid in the particular environment (air), SLγ is 
the interfacial energy (surface tension) between solid in the liquid solder, LAγ  is the 







Figure 2.2 Solder wetting process involves: (a) liquid solder spreading over base 
metal, with contact angle θ, (b) base metal dissolving in liquid solder and 




In general, if the wetting or contact angle lies in between 0 to 90 0 the system is said to be 
wetting and if the angle lies in between 90-180 0, the system is considered to be non 
wetting. For electronics industry soldering applications, a solder joint with a satisfactory 
fillet formation is desired for minimum stress concentration and can be achieved with low 
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contact angle. In terms of free energy, good wetting will occur if there is a net lowering of 
total free energy, i.e. the surface energy of the solder is lowered by forming an interface 
that is at a lower surface interfacial energy. Wetting angles of some of the commercially 
available lead-free solders are summarized in Table 2.3. 
 
Table 2.3 Wetting angle of lead-free solders [10]. 
 
Solder Alloys Wetting Angle (0) 
Temperature 
(0C) Remarks 
Sn-52Bi 43 ± 8 195 Copper substrate using A611 flux 
Sn-9Zn 37 260 On Cu, rosin flux 
Sn-50In 63 ± 6 215 Copper substrate using A611 flux 
Sn-2.5Ag-0.8Cu-0.5Sb 44 ± 8 - On OFHC Cu substrate, using RMA 
Sn-3Cu 31 - With A611 flux 
 
2.4.3 Cost and Availability 
The microelectronic industry is extremely cost conscious. According to the report of 
International Technology Roadmap for Semiconductor (ITRS) published in 2007, the most 
significant trend is the decreasing cost per function, which has led to significant 
improvements in economic productivity and overall quality of life through proliferation of 
consumer electronics [38]. So, the cost of the solder materials has to be minimal. 
Availability of the raw materials should also be taken into consideration as cost of these 
materials depends on availability. Cost of raw materials has been shown in Table 1.2 of 
chapter 1. 
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2.4.4 Coefficient of Thermal Expansion 
As a microelectronics assembly comprised of large variety of materials (i.e. metals, 
polymers, polymer based composites and sometimes semiconductors), microelectronic 
device undergoes heat cycle whenever it is in operation. If all the materials have identical 
coefficient of thermal expansion (CTE), then they will expand and contract at the same 
rate and no thermally induced stress will arise. Hence, it is desirable that the difference of 
CTE value between the alternative solder and substrate to be low to reduce thermal 
mismatch. Table 2.4 shows CTE values of the most commonly used lead-free solders and 
substrates. 
 









Table 2.4 CTE data for electronic solders and substrates [7, 10]. 
 
 
2.4.5 Solder-Substrate Interactions 
Molten solder comes into contact and react with Cu pads on the substrate during soldering 
[10]. Intermetallic compounds are almost always formed at the interface between the 
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solder and the substrate [7]. It is desirable to form IMCs between solders and substrate for 
good solder joint. However, the type(s) of IMCs formed and their growth rate affects the 
long term reliability of the solder joint due to the brittle nature of the IMC layer and the 
mismatch of physical properties of IMC with solder matrix. Several researchers reported 
that, formation of a thicker IMC layer results in a weaker tensile strength [39-41]. 
Humpston et al. reported that tensile strength reduced by more than 60 % when the 
intermetallic layer thickened from 2 micron to 6 micron [40]. 
 
2.4.6 Electrical Conductivity (Resistivity) 
Since solders act as an electrical connection between the two mating surfaces they join, 
electrical conductivity (reciprocal to resistivity) is a fundamental parameter of all solder 
materials [7]. However, in most microelectronic applications, the resistivity of the solder 
is so low that its exact value does not affect the functionality of the circuit.  
 
2.4.7 Mechanical Properties 
Since solder joints form both electrical and mechanical connections in a soldered 
assembly, their mechanical characteristics are essential for long term reliability [7]. While 
handling the electronic assembly, the substrate can be bent in the process and the solder 
interconnects can be subjected to tensile loading. The improved tensile properties like, 
yield strength, ultimate tensile strength and ductility can help the solder to withstand 
higher level of abuse without failure [10].  
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2.5 Development of New Solder Materials 
A relatively large number of lead-free solder alloys have been proposed in order to move 
beyond Pb-bearing solders. Abtew et al. reported that, a total of 69 alloys can be identified 
from the literature [10]. Most of the lead-free solders that are developed so far exhibit low 
tensile properties which might affect long term reliability. It can be noticed that almost all 
of these solder alloys uses Sn as a base metal. Accordingly, a brief description of Sn is 
provided in this section. Selections of other metals that are used as alloying/reinforcing 
elements in this study to develop Sn-based lead-free solders are discussed below: 
 
2.5.1 Tin (Sn) 
The availability and ability of Sn to wet and spread on a wide range of substrates have 
been instrumental for it to become the base metal of most of the solder alloys used in 
electronic applications. Pure tin melts at 231.93 0C. It has two different phases with 
different crystal structures in solid state. White or β-tin has a body centered tetragonal 
(BCT) crystal structure and is stable at room temperature. Another form of tin is the gray 
tin or α-tin with lower density. It has a diamond crystal cubic structure and is 
thermodynamically stable below 13.2 0C. When the temperature goes down below 13.2 
0C, white tin transforms into gray tin which results in a large volume increment that can 
cause cracking and thus it restricts the use of tin below that temperature. Another 
undesirable property of tin is its anisotropic thermal expansion due to its BCT (which is 
also anisotropic) crystal structure [7]. When tin is exposed to repeated thermal cycling, 
plastic deformation and eventual cracking at the grain boundaries can occur even when no 
mechanical strain is imposed. Phase transformation of tin can be suppressed by adding 
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alloying agents or reinforcements and thus ameliorating the problems associated with tin 
pest [42]. Single crystal whisker that forms from tin is another common problem and it 
occurs at about 51 0C. Whiskers do not affect solderability nor do they cause deterioration 
of the tin coating but may cause electrical shorts in printed circuit boards (PCBs). 
Addition of proper elements in tin can suppress the whisker growth in tin [10]. 
 
2.5.2 Copper (Cu) 
The presence of Cu in tin based materials leads to an improvement in resistance to thermal 
cycle fatigue. It also slows down the rate of dissolution of Cu from the board [7, 43-44]. 
However, mechanical strength of Sn-0.7Cu synthesized using equilibrium solidification 
processes is relatively low when compared to the Sn-Pb or Sn-Ag-Cu system and this may 
lead to reliability issue. Some researchers had worked on to make composites by 
incorporating Cu as reinforcement in tin based alloys for soldering purpose. Improved 
mechanical properties were observed by reinforcing Cu in eutectic Sn-Pb solder powders 
[45-47]. Up to 30 wt. % Cu has been used as reinforcement in eutectic Sn-Pb solder and 
the presence of second phase particles in the microstructure exhibit excellent interfacial 
characteristics with the solder matrix [48]. In the pure Cu reinforced eutectic Sn-Pb 
composites, the Cu particles precipitated as rod like lamellae that served to modify 
microstructure of the composite solder [48]. Cu powder was also used in eutectic Sn-
3.5Ag solder as reinforcement to develop certain microstructural features [49]. 
LaNi5/Cu/Sn metal hydride powder composites were manufactured employing the Cu-
encapsulation technique to improve thermal conductivity [50]. Results of open literature 
search indicate that no one has reported the use of nano-sized copper particles as a 
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reinforcement in pure tin processed using powder metallurgy route and particularly 
adopting microwave sintering. 
 
2.5.3 Magnesium (Mg) 
Conventional eutectic Sn-Pb solders have been used extensively as interconnect materials 
for several decades and are now banned in electronic industries because of the use of toxic 
Pb. Among the new generation lead-free solders, Sn-3.5Ag or Sn-3.5Ag-0.7Cu are mostly 
in use. Newly developed commercial solder alloys are more expensive and exhibit higher 
melting points when compared to conventional Sn-37Pb solder alloy [14, 51-53]. Around 
88% lead free solders use Ag as a second or third element with tin. Accordingly, solder 
manufacturers are actively looking for silver free solder alloys as the cost of silver has 
increased significantly in recent times. Cost of Mg is much lower than cost of Ag. 
According to equilibrium phase diagram, melting temperature of eutectic Sn-Mg is 203.5 
0C which is also much lower than the eutectic Sn-Ag or Sn-Cu solders and very close to 
the conventional Sn-Pb solder [54]. Above mentioned advantageous features motivated to 
develop new lead-free Sn-Mg solder as an alternative in this PhD work.  
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Figure 2.3 Equilibrium phase diagram of Sn-Mg [54]. 
 
2.5.4 Aluminum (Al) 
The semiconductor industry has dignified itself by the rapid pace of improvement in its 
product for more than four decades. Component/chip, cost and compactness are the 
principal categories of improvements which have resulted mainly from the ability of 
electronic packaging industry to exponentially decrease the minimum feature sizes. 
According to Moore’s law, the number of components per chip doubles roughly every two 
years [38]. Based on the international technology roadmap for semiconductors (ITRS), 
projections are made to reduce the pad pitch below 20 μm by 2016 [55]. In order to meet 
the above requirements, improved strength with enhanced ductility is essential to provide 
mechanical stability and to draw fine wires < 0.5 mm due to the reduced pad pitch. 
Aluminum (Al) exhibits much higher strength than pure tin. Al has also been used to 
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improve ductility in many cases. Moreover, the Sn-Al phase diagram indicates that the 
eutectic melting temperature of Sn-0.6Al system is 228 0C which is very close to the 
eutectic Sn-0.7Cu (227 0C) [54]. Cost of Al is also very low comparing other elements 
widely used in Sn-based solders. Accordingly, in the present study, Al has been selected 
as an alloying element to develop new lead-free Sn-Al solders. 
 
                
 
Figure 2.4 Equilibrium phase diagram of Sn-Al [54]. 
 
2.6 Selection of Fabrication Methods 
Many different processing techniques are available to produce high performance metals 
and their alloys. In order to get the optimum mechanical properties, it is required to have 
homogeneously distributed second element and/or related phases. Performance and 
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characteristics profile of alloys and composites depend on its processing route. Three 
categories of processing routes i.e. solid phase processing, liquid phase processing and 
two phase (solid-liquid) processing have been established so far [56]. 
 
2.6.1 Solid Phase Processes 
Solid state processes are generally used to obtain the highest achievable mechanical 
properties. Although there are a number of solid phase processing methods such as 
powder metallurgy, mechanical alloying and in-situ synthesis which have been explored 
for the fabrication of materials, only conventional powder metallurgy method will be 
described in more detail due to its relevancy to the present work. 
 
2.6.1.1 Powder Metallurgy: 
Powder metallurgy (PM) is the most common and well established processing route used 
for the production of metal/ceramic and metal matrix composites especially particle 
reinforced MMCs/materials [57]. The matrix materials and reinforcement are blended 
prior to consolidation followed by compaction and sintering. Sintering step in powder 
metallurgy process plays a major role in realizing the end properties of the metallic 
materials by improving bonding between the powders and minimizing porosity [57-58]. 
Sintering can be done by traditional methods of heating such as resistance heating [58-59] 
or by the more recently introduced method of using microwaves [60-61]. Secondary 
processing such as extrusion, forging and rolling are sometimes used to further 
homogenize the composite microstructure [57]. The advantages of PM methods include 
the capability of using almost any type of reinforcement with the possibility of its high 
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volume fraction. Better overall strength can be achieved sacrificing ductility using PM 
when compared to solidification method (i.e. casting) [62]. 
 
2.6.2 Liquid Phase Processes 
Liquid phase processes are not only economical but also have many advantages including 
the capability of production of composite materials with various shapes and scalability. 
However, the problem often encountered in these processes is the wetting between the 
molten matrix and the reinforcements. For liquid phase processes, stir casting and melt 
infiltration are two most important techniques to manufacture materials [63]. In general, 
stir casting of materials involves melting of selected metal matrix followed by the 
introduction of reinforcement into the melt. Suitable distribution of reinforcing phase is 
achieved through mechanical stirring. The resultant molten metal containing suspended 
reinforcement is then solidified. In the melt infiltration process, the reinforcement is made 
into porous perform. The molten metal is injected into the reinforcement preform to 
infiltrate the metal into the open pores of the reinforcement to form a composite. 
Infiltration can be performed by using either gas or a mechanical device such as piston as 
a pressurizing medium [56]. 
 
2.6.3 Two Phase (Solid-Liquid) Processes 
Two-phase processing of composite can be done using three techniques: (a) spray 
processes, (b) disintegrated melt deposition (DMD) and (c) compocasting. Among these 
types, DMD is more suitable as it integrates advantages associated with conventional 
casting and spray processing. 
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2.6.3.1 Disintegrated Melt Deposition 
A new variant of spray processing was developed in early 1990s which bring together the 
cost effectiveness associated with conventional foundry process and the scientific 
innovativeness and technological potential associated with spray processes. This process is 
known as disintegrated melt deposition technique [64]. Unlike spray processes, the DMD 
technique employs higher superheat temperature and lower impinging gas jet velocity with 
the end product being only bulk alloy/composite material. DMD processed ingots do not 
reveal any significant macro-defects or shrinkage. This suggests great potential in terms of 
material saving. The wastage of material using DMD method is typically less than 10% 




Investigating critically the research papers available in public domain, it was found that no 
effort has made so far to process Sn and Sn-Cu solders using powder metallurgy route 
particularly adopting two directional rapid microwave sintering. Low cost, Al and Mg also 
have not been used to develop lead-free solder materials. Accordingly, the primary aims of 
this research were to synthesize and characterize the pure tin and high strength Sn-Cu 
solders incorporating nano size copper using microwave sintering assisted PM route. 
Development of low cost, high strength Sn-Mg and extremely ductile Sn-Al solders using 
DMD technique were also the principal aim of this study. Particular emphases were placed 
to develop alternative high strength lead-free solders using different processing route and 
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Chapter 3: Materials and Experimental procedures 
 
Materials and Experimental Procedures 
 
3.1 Summary 
High purity materials were used to synthesize pure tin and binary solder alloys in this 
study using both powder metallurgy (PM) and disintegrated melt deposition (DMD) 
technique. Pure Sn and Sn-Cu solders were synthesized using PM route while Sn-Mg and 
Sn-Al solders were synthesized using DMD technique. Materials processed were 
subjected to either hot or room temperature extrusion. The extruded materials were then 
characterized for their microstructural, physical, electrical, thermal and mechanical 
properties. All raw materials, tools and equipment required for the experimental 
investigation in this study were either obtained or made in the Materials Science 
Laboratory, Department of Mechanical Engineering of National University of Singapore. 
 
3.2 Experimental Work Overview 
Powder metallurgy technique consists of blending, compaction and sintering. At first 
powder metallurgy route involving varying sintering methodologies was used to 
synthesize pure tin. Characterizations were carried out to find out the most suitable 
sintering route in terms of achievable properties. Following that, nano-sized copper 
particles were incorporated into pure tin to develop metastable Sn-Cu solders. Depending 
on the characterization results, selected compositions of Sn-Cu solders were subjected to 
aging studies to test reliability. On the other hand, low cost, high strength Sn-Mg and 
highly ductile Sn-Al solders were synthesized using DMD techniques and characterized. 
Detailed experimental procedures for individual steps involved are documented in the 
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following sections of this chapter. Figure 3.1 shows the overall project overview at a 
glance.  
 
Development of New Tin Based Formulations using PM and DMD Techniques 
 
Preparation of raw materials 
PM technique DMD technique 
Ball Milling 
Matrix Reinforcement
Sn powder n-Cu 
Base metal Alloying element 







Characterization studies on synthesized materials 







Grain and pore morphologies, 
Second phase morphology 
IMC layer thickness, aging study 









Figure 3.1 Project overview at a glance. 
 








Two different types of tin were used in this project as matrix materials. Air atomized pure 
tin powder, having a nodular to tear drop particle shape of 99.9 % purity (supplied by 
NOAH Technologies Corporation, Texas, USA) was used in PM route. A particle analyzer 
(Coulter LS 100 Q) was used to determine the particle size profile of the pure tin powder. 
Results showed that the minimum and maximum particle size was 0.4 μm and 92 μm, 
respectively. The average particle size is 16.6 μm, where more than 80% of the total 
volume of particles falls within the range of 4 μm to 30 μm (Figure 3.2). Copper 
nanopowder of 99.8% purity with an average particles size of 25 nm (supplied by 
Nanostructured and Amorphous Materials, Los Alamos, USA) was used as the 
reinforcement phase for Sn-Cu solders. Silicon Carbide (SiC) of 0.6 μm obtained from 
Saint-Gobain SIKA Specialties was used as the microwave susceptor. Pure tin shots with a 
diameter of 1/16-1/8 inch of 99.99% purity (supplied by AEE-Atlantic Equipment 
Engineers, Bergenfield, NJ, USA) was used as a base metal in DMD processing route. Mg 
turnings (purity: 99.9 %+) and Al powders (purity: 99.5 %) were used as alloying 
elements with pure tin. Table 3.1 summarizes the materials with their particle size, purity 
and suppliers that were used both in PM and DMD process. Percentage of second phase 
used with tin in this study is summarized in Table 3.2. 
 
3.4 Primary Processing 
The primary processing technology adopted in this study was either powder metallurgy or 
disintegrated melt deposition technique. The brief descriptions of their steps are as 
follows:  
























Figure 3.2 Particle size distribution profile for pure tin. 
 
 
3.4.1 Powder Metallurgy Technique 
Powder metallurgy technique consists of blending of mixtures, followed by cold 
compaction and finally sintering for densification. 
 
3.4.1.1 Blending 
Selected metal powders were weighed carefully in an argon filled glove box (containing 
less than 0.1 ppm of oxygen) using a digital weighing balance and poured into a plastic 
container together. Ball-milling jar was used to keep this plastic container which was 
sealed with masking tape. The ball-milling jar was subsequently placed in a RETSCH 
PM-400 mechanical alloying machine using a speed of 200 rpm for 1 hour. No balls or 
process control agent was used during blending step.  
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Table 3.1 Description of solder materials used in this study. 
 
Materials Purity (%) Size Manufacturer 
Sn 
(PM) 
99.9 < 45 µm NOAH Technologies corporation, 






99.99 1.6-3.2 mm AEE-Atlantic Equipment Engineers 
13 Foster Street, P.O. Box 181 




99.8 25 nm Nanostructured and Amorphous     Materials, 





99.5 7-15 µm 
(-325 mesh) 
Alfa Aesar 
26 Parkridge Road 









New Jersey, USA: 1-800-ACROS-01 
Geel, Belgium: ++3214575211. 
(Product of Luxembourg) 
 
 
3.4.1.2 Cold Compaction 
Preweighed metal powders were compacted to 40 mm height and 36 mm diameter billets 
by hydraulic compaction at a pressure of 97 bar (50 ton) using a 100 tonne press. Pure 
metal powder was also compacted following this procedure without blending. Figure 3.3 
shows the 35 mm diameter compacted billet with graphite coating. 
 









Figure 3.3 Representative picture shows 35 mm diameter compacted billet, sprayed 
with graphite coating. 
 
 
Table 3.2 Description of tin based formulations synthesized in this study. 
 
Reinforcement 
Weight (%) Matrix 





0.0 - - Sn 
0.25 - - Sn-0.25 Cu 
0.43 - - Sn-0.43 Cu 
0.86 - - Sn-0.86 Cu 
Sn 
1.35 - - Sn-1.35 Cu 
PM 
- - - Sn 
- 0.8  Sn-0.8 Mg 
- 1.5  Sn-1.5 Mg 
 
Sn 
- 2.5  Sn-2.5 Mg 
DMD 
- - - Sn 
- - 0.4 Sn-0.4Al Sn 




The billet was coated using graphite spray before sintering. The billets were then sintered 
using either microwave or conventional (i.e. resistance heating) way of heating. 
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Conventional sintering was carried out using a carbolite tube furnace in an argon 
controlled environment. A heating rate of 3 °C/min was used to the sintering temperature 
of 0.8 Tm (Tm: melting temperature of pure tin in Kelvin scale) with 2 hours holding time 
(see Figure 3.4). The cooling rate was a constant 5 °C/min. Before doing sintering by 























Figure 3.4 Temperature profile used for conventional sintering. 
 
 
Microwave sintering was carried out using a SHARP domestic microwave oven in 
ambient atmospheric condition. The microwave oven operates at a frequency of 2.45 GHz 
and delivers an output microwave power of 900W. The setup for microwave sintering is 
illustrated in Figure 3.5. SiC powder was placed into an alumina jar and a zirconia 
crucible was positioned in the center of the alumina jar. SiC powder (contained within a 
microwave transparent ceramic crucible) absorbs microwave energy readily at room 
temperature and is heated up quickly, providing the radiant heat to heat the billet 
externally while the compacted billet absorbs microwaves and is heated from within. This 
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hybrid heating method results in a more uniform temperature gradient within the billet and 
circumvents the disadvantage of heating using either conventional heating or microwaves 
only [1].  
Microwave oven 
Controlled atmosphere chamber 
Insulation 
Lid 
Inner zirconia crucible 
Susceptor SiC powder 





Figure 3.5 Schematic diagram of experimental set-up used for microwave sintering. 
 
 
3.4.2 Disintegrated Melt Deposition Technique 
In the present research endeavor, the synthesis of new lead-free solder was successfully 
accomplished using a specially designed liquid-state synthesis technique known as 
disintegrated melt deposition technique [2]. Sn shots (used as a metallic matrix) and 
alloying element (Mg/ Al) to make Sn-based solder alloys were weighed carefully and 
placed in a graphite crucible. This involved heating the tin shots and alloying elements 
(where light weight Mg or Al placed at the bottom of the graphite crucible and tin shots on 
top) to 750 0C in an inert Ar gas atmosphere in a graphite crucible using a resistance 
heating furnace. The crucible was equipped with an arrangement for bottom pouring. 














































Figure 3.6 Schematic diagram of DMD technique. 
 
 
Upon reaching the superheat temperature, the molten slurry was stirred for 5 minutes at 
450 rpm using a twin blade (pitch 45°) mild steel impeller to facilitate the incorporation 
and uniform distribution of the alloying elements. The impeller was coated with Zirtex 25 
(86% ZrO , 8.8% Y O , 3.6% SiO , 1.2% K O and Na2 2 3 2 2 2O, and 0.3% trace inorganic) to 
avoid iron contamination of the molten metal. The melt was then released through a 10mm 
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diameter orifice at the base of the crucible. The alloy melt was disintegrated by two jets of 
argon gas orientated normal to the melt stream and located 265mm from the melt pouring 
point. The argon gas flow rate was maintained at 25 liters/min. The disintegrated melt 
slurry was subsequently deposited onto a metallic substrate located 500mm from the 
disintegration point. The synthesis of pure tin was carried out using steps similar to those 
employed for the Sn-based solder materials except that no alloying element was added. 
Preform of 40mm diameter was obtained following the deposition stage. The schematic 
diagram of DMD technique is shown in Figure 3.6.  
 
3.5 Secondary Processing (Extrusion) 
Both the room temperature and hot extrusion were performed in this study in order to 
select the right processing techniques for better properties. The sintered billets were 
extruded using an extrusion ratio of 26.5: 1 on a 150 tonne hydraulic press. Hot extrusion 
was carried out at 230°C. The preforms were soaked at 230°C for 5 minutes in a constant 
temperature furnace before extrusion. For room temperature extrusion, all heating 
arrangements were avoided and the billets were put into the ambient temperature extrusion 
container. Colloidal graphite was used as lubricant for both types of extrusion. Rods of 7 
mm diameter were obtained following extrusion (see Figure 3.7a). The extruded rod was 
subsequently machined to the required size for characterization studies (see Figure 3.7b). 
Furthermore, keeping in mind the industrial practice where the solders are predominantly 
used in bar and wire forms which are produced using extrusion/wire drawing, further 
characterization studies were conducted only on extruded samples. 
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(a) (b) 
 
Figure 3.7 Representative pictures showing: (a) 7mm extruded rod and (b) machined 
samples for characterization. 
 
 
3.6 Density and Porosity Measurements 
Density measurements were performed on the monolithic and the alloying materials in 
accordance with Archimedes’ principle on four randomly selected polished samples taken 
from each extruded rods [3]. Distilled water was used as the immersion fluid. The samples 
were weighed using an A&D HM-202 electronic balance with an accuracy of ± 0.00001 g. 
Weight percent of porosity was obtained by comparing the theoretical and experimental 
densities. In certain cases, the volume percentage of porosity was determined using the 
technique of image analysis. Scion image analyzer software was used for this purpose. 
 
3.7 Microstructural Characterization 
Microstructural characterization studies were conducted on all samples to investigate the 
grain and pore morphology, second phase distribution, interfacial integrity between the 
matrix and second phase and to identify the phases present in the matrices. For grain size 
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analysis, the polished samples were etched for few seconds with 5 vol. % HCl in 95 vol. 
% ethanol. Image analysis using the Scion system was carried out to quantify the 
microstructural features. For volume percent of porosity measurements, all pores in an 
image were traced out. Total area of these pores was calculated using Scion image 
analysis technique. Percentage of pores area to the total area of that image was then 
calculated to get volume percent of pores. More than 10 randomly selected images from 
each sample were considered for that purpose. The inter-particle spacing (λ) was estimated 
















πλ         (3.1) 
where  is the average size of particles and  is the volume fraction of particles. pd pV
 
3.7.1 Scanning Electron Microscopy 
A JEOL JSM-5600LV Scanning Electron Microscopy (SEM) equipped with Energy 
Dispersive X-Ray Spectrometer (EDS) was used to characterize the grain size, presence of 
second phase, the interfacial integrity between the matrix and the second phase and the 
presence of porosity. EDS was used to identify the presence of various elements in the 
materials. 
 
3.7.2 Field Emission Scanning Electron Microscopy 
Field Emission Scanning Electron Microscopy (FESEM) is widely used in this project 
because of its wide range of magnification. HITACHI S-4300 FESEM equipped with EDS 
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was used to capture micrographs to investigate the presence of nano-sized pores, their 
distribution, presence and distribution of second phase, interfacial bonding between the 
matrix and the second phases and the grain and pore morphologies. Micrographs of all 
tensile fractured surfaces were also captured using FESEM. 
 
3.8 X-Ray Diffraction Analysis 
An automated Shimadzu LAB-X XRD-6000 diffractometer was used for phase analysis of 
extruded samples. The samples were polished and exposed to Cu Kα radiation (λ = 
1.54056 Å) using a scanning speed of 2 deg/min. In some cases, where the percentage of 
second element was very low for detection using 2 deg/min scanning speed, a scanning 
speed of 0.2 deg/min was used to capture more counts to facilitate the identification of 
second phases. The Bragg angle and the values of the interplanar spacing, d, obtained 
were subsequently matched with the standard values for Sn, Mg, Al, Cu and their related 
phases. 
 
3.9 Thermomechanical Analysis 
Coefficient of thermal expansion (CTE) of monolithic and alloying materials was 
determined using an automated SETARAM 92-16/18 thermomechanical analyzer in 
accordance with the ASTM standard E831-03. Displacement of the samples was measured 
as a function of temperature (in the range of 50-150 0C) using an alumina probe under 
argon atmosphere and was subsequently used to determine the coefficient of thermal 
expansion. The heating rate of the samples was maintained at 5 0C /min while the argon 
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gas flow rate was maintained at 1.2 lit/min. At least four samples were tested for all cases 
and the average was taken into consideration. 
 
3.10 Differential Scanning Calorimetry 
Differential Scanning Calorimetry (DSC-2910) was used to determine the melting 
temperature of the samples. The DSC sample was made up of randomly sliced pieces from 
the bulk material and the total weight of the sample was kept to 20-30 mg. The sliced 
pieces were then placed into a ceramic pan, which was heated to 270 0C using a heating 
rate of 5 0C /min. 
 
3.11 Electrical Resistivity 
The electrical resistivity ( ρ ) of pure Sn and Sn based solder materials were measured 
using the multi-height four-point probe setup from Jandel (England). Probe spacing (s) of 
1 mm was used. Typical size of the samples used in this measurement was 7 mm diameter 
discs with approximately 8 mm height. A total of four randomly selected samples were 
tested for each pure and solder alloy samples. The current (I) applied through the sample 
was fixed at 1A and the corresponding voltage drop (V) across the sample was measured. 
The current used here was within the range of values (10 mA to 50A) used by other 
investigators for four point probe testing [5]. Advantage of using four-point probe method 
is the possibility to measure the sample’s resistance, without any interference from the 
contact resistance at the probe contacts. Figure 3.8 shows the schematic diagram of the 
four-point probe configuration used for resistivity measurement in this study. 








In the present study, as the sample thickness is far greater than the probe spacing, the 
following equation was used to calculate the sample’s electrical resistivity value [6]. 
 






dxR ρ          (3.2) 
 
xwhere A is the cross-sectional area of the sample and  is the distance from the outermost 
probe tip as shown in Figure 3.8. 
 
 
Figure 3.8 Schematic diagram of a four-point probe configuration for measuring 
resistivity used in this study. 
 
 
By integrating between the inner probe tips where the voltage is measured, the resistance 
can be expressed as: 
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=           (3.4) 
 






Vsπρ 2           (3.5) 
 
Electrical conductivity of the solder sample can also be calculated by taking the reciprocal 
of bulk resistivity value. 
 
3.12 Wettability Measurement 
Pure Cu wire (99.9 % purity) of 0.5 mm diameter was used as a substrate to study the 
wettability. Solder preform (4mm diameter and 200mg weight) was prepared from the 
bulk extruded solder rod. At first Cu wires were polished using 1200 grit SiCp sand paper 
and then immersed into a H2O- 8 vol. % H2SO4 solution for 3 minutes in order to remove 
any surface oxidation. The wetting balance test was conducted to study the dynamic 
process of wetting by measuring the wetting force between the substrate and molten 
solder. The immersion speed, depth and time were set to 1.0mm/sec, 0.10mm and 10 
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seconds, respectively. A solderability test standard IPC/ANSI J-STD-002/003 was 
followed. Soldering temperature was set at 270 0C. Rosin mildly activated (RMA, Actiec 
2) flux was used onto the Cu rod and highly activated flux (Actiec 5) was used onto the 
solder samples in order to prevent further oxidation. The wetting experiments were 
performed by means of sessile drop method using Multicore Universal Solderability 
Tester (MUST, Gen 3 systems limited from Henkel). The drop profile of the sample was 
acquired using a CCD camera aligned with the sample and a backlighting source (see 
Figure 3.9). The index of wetting, such as wetting time and wetting force were obtained 
from the MUST 3 system while wetting angle was determined using the image analysis 
software. The highest force was defined as the wetting force and the wetting angle of the 
solder was measured with the tangent line of solder and Cu rod. 
 
       
(a) (b) (c)  
 
Figure 3.9 Representative figures showing the molten solder and Cu substrate: (a) 
before wetting, (b) during wetting and (c) after wetting. 
 
 
3.13 Aging Study 
Isothermal aging studies were done only on pure tin and selected Sn-Cu solder 
compositions in this study. A solder preform (3 mm by 1 mm by 0.2 mm thick) which was 
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cut from the respective extruded bulk solder was sandwiched between the two L shaped 
Cu substrates (99.9% purity) (see Figure 3.10). The solder samples were prepared using a 
specially designed fixture to ensure that the sample maintained a uniform rectangular 
solder joint with thickness of 0.2 mm (see Figure 3.11) [7]. Cu substrates were immersed 
into a H O- 8 vol. % H SO2 2 4 solution for 3 minutes in order to remove any surface 
oxidation. Subsequently, Rosin-mildly-activated (RMA) type flux was applied onto the 
substrate and solder in order to prevent further oxidation. The fixture with the solder joint 
was heated on a hot plate up to a peak temperature of 250 °C and then air-cooled. 
Temperature reading was taken using a T-type thermocouple. After solidification, all the 
Sn and Sn-Cu samples were further ground using 1200 grit SiCp paper and polished in 
order to remove any excess solder at the edges.  
3.00mm 
 
Figure 3.10 Schematic diagram showing: (a) top view and (b) side view of the solder 
joint samples used in this study. 
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For the isothermal aging studies, only pure tin, Sn-0.43 wt. (0.35 vol.) % Cu and Sn-1.35 
wt. (1.1 vol.) % Cu solders were selected based on their mechanical properties and IMC 
layer thickness following reflow process. The solder joint samples were isothermally aged 
in an oven (from Memmert) at 150 °C for 0 to 28 days (0 day (0 week), 7 days (1st week), 
14 days (2nd week), 21 days (3rd week) and 28 days (4th week)). When the set aging time 
was reached, the samples were taken out from the oven and allowed to cool at room 
temperature.  
 








Figure 3.11 Top view of the fixture including Cu substrate and solder. 
 
 
All the samples were mirror polished and etched for a few seconds with 3 vol. % HNO3 in 
methanol. They were then observed under the Hitachi S4300 Field Emission Scanning 
Electron Microscopy equipped with Energy Dispersive Spectroscopy. The average 
thickness of the interfacial IMC was determined using the image analysis. Firstly, ten 
representative FESEM micrographs showing the IMC layer were taken for each solder 
system. This IMC layer was then traced out and analyzed using the Scion image analysis 
software. Due to the unevenness of the IMC layer along the interface, an average value of 
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( )hthe IMC thickness  was determined by dividing the total area of IMC layer (A) 
obtained from the micrograph with the length of the IMC (Lx) along the interface (see 
equation 3.6 and Figure 3.12). 
 
xL
Ah =           (3.6) 
 
The volume percent of porosity was calculated based on the presence of pores in the 
solder matrix. Pores in the IMC layer were minimal and thus were neglected. Ten 
randomly captured representative micrographs were quantified using the Scion image 
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3.14 Mechanical Characterization 
Room temperature mechanical characterization was done on the extruded samples in terms 
of microhardness and tensile testing in accordance with ASTM standards. 
 
3.14.1 Microhardness Test 
Microhardness measurements were made on the polished pure tin and its alloy samples in 
accordance with the ASTM standard E384-99. Vickers microhardness was measured using 
Shimadzu- HMV automatic digital microhardness tester using 10 gf-indenting loads and a 
dwell time of 15 seconds. 
 
3.14.2 Tensile Test 
The smooth bar tensile properties of the extruded tin and its composite samples were 
determined in accordance with ASTM test method E8M-01 using MTS 810 tensile testing 
machine with a crosshead speed set at 0.254 mm/min on round tension test specimens of 5 
mm diameter and 25 mm gauge length (see Figure 3.13). All tests were done under 
ambient conditions. 
 
Figure 3.13 Representative picture showing the round tension test sample. 
 








Fracture surface characterization was done on the fractured tensile samples in order to 
provide insight into fracture mechanisms operating in tin and its alloys under tensile 
loading. Both the macromechanism (see Figure 3.14a) and micromechanism (see Figure 
3.14b) of the fractured samples were investigated. Sony DSC-H7 (15x optical zoom, 
Japan) was used to investigate macroscopic features. In order to get microscopic features 
of the fracture samples, FESEM-S4300 equipped with EDS was used. 
 
      
(a) (b)  
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DEVELOPMENT OF HIGH STRENGTH 
Sn-Cu SOLDERS 
 
Chapter 4: Development of High Strength Sn-Cu Solders 
Development of High Strength Sn-Cu Solders Containing 
Nano-Sized Copper Particles Using Powder Metallurgy Route 
 
Summary 
Strength of commercial and newly developed lead-free Sn-based solders is very low and 
may not ensure reliability for upcoming high speed multifunctional electronic gadgets. 
With increasing miniaturization and more input/out terminals in chip scale packaging, it is 
becoming increasingly important to ensure the reliability of solders. Thus, in the present 
study, high strength Sn-Cu solders were developed using powder metallurgy technique 
and characterized and compared with the commercially available Sn-based solders. This 
development consists of three phases. Phase 1 was performed on pure tin to find out the 
most suitable type of sintering. In phase 2, nano-length copper particles were incorporated 
into pure tin to develop Sn-Cu solders. Phase 3 was undertaken to execute aging study in 
order to ensure long term reliability of selected Sn-Cu solders. 
 
4.1 Introduction 
Tin is one of the early metals known to mankind and is being widely used from the time of 
its discovery [1-3]. Tin is mostly used in electrical/electronic soldering, food canning, 
chemicals, bearing materials, wires and window glasses worldwide [1-5]. More than half 
of the tin produced globally is being used as solder materials in electronic packaging 
industries and its demand is gradually increasing with the rising demand of lead-free 
solders due to environmental concerns in recent years [3]. Non-toxicity and high corrosion 
resistance also made it one of the most suitable candidates for food canning industries. 
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However, the strength of conventionally processed tin and Sn-based solders is very low 
which might not assure the reliability of its futuristic applications. 
 
Powder metallurgy (PM) is one of the most common processing techniques in producing 
high performance metallic materials for various applications [6-7]. Sintering in powder 
metallurgy process plays a major role in realizing the end properties of the metallic 
materials by improving bonding between the powders and minimizing porosity [8]. 
Sintering can be done by traditional methods of heating such as resistance heating [7-8] or 
by the more recently introduced method of using microwaves [9-10]. In a typical 
resistance heating furnace, the direction of heating is from outside to inside of the powder 
compact, while for microwaves the direction of heating is from inside to outside of the 
powder compact. The former results in the poor microstructural characteristics of the core 
of the powder compact while the latter results in the poor microstructural characteristics of 
the surface [11]. These drawbacks can be minimized using two-directional rapid 
microwave sintering [12]. However, the result of open literature search indicates that no 
research attempt is made so far to process tin using the technique of powder metallurgy 
and particularly adopting microwave sintering process. Accordingly, in the present study, 
pure tin was synthesized using different sintering methodologies (i.e. without sintering, 
conventional sintering and microwave assisted two-directional rapid sintering) followed 
by hot extrusion. Characterization studies include density and porosity measurements, 
microstructural analyses, thermal, electrical and mechanical testing and the fractography 
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In the electronics industry, solders are used as interconnect materials between electronic 
components and printed circuit boards [4, 13]. Traditionally, conventional Sn-Pb solders 
have been widely used throughout the electronic packaging industries since they have a 
low melting point, low cost and good wettability. However, environmental concerns over 
the use of toxic Pb have led to the ban of its uses in electronics manufacturing by Japan 
and the countries under European Union. In order to move beyond lead containing solders, 
lead-free solders like eutectic Sn-3.5 Ag [14], Sn-0.7 Cu, Sn-57 Bi [15], Sn-9 Zn [16] and 
Sn-51 In [17] including their more complex alloys have been developed. Among these, 
Sn-Ag, Sn-Ag-Cu and Sn-Cu are most commonly used. Solder manufacturers are actively 
looking into lead-free solders that do not contain silver to reduce the material’s cost as the 
cost of silver has increased significantly in recent times, making Sn-Cu formulations an 
obvious choice. The presence of Cu in tin based materials leads to an improvement in 
resistance to thermal cycle fatigue and also slows down the rate of dissolution of Cu from 
the board [17-19].  
 
 
However, mechanical strength of Sn-0.7Cu synthesized using equilibrium solidification 
processes is relatively low when compared to the Sn-Pb or Sn-Ag-Cu system and this may 
lead to reliability issue. With increasing miniaturization and more input/output terminals, 
it is becoming increasingly important to develop new interconnect materials with 
enhanced mechanical properties to realize similar or enhanced reliability. The addition of 
suitable alloying element or secondary particles is one of the most potentially feasible and 
economically affordable approaches to improve the microstructural stability and 
mechanical properties of a solder. The presence of the second phases has been shown to 
trigger the microstructural mechanism that enhances the reliability of the solder joints. 
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Some researchers have added Cu particles in solder based materials, mostly leaded, to 
modify microstructural features and to improve mechanical properties [20-25]. Another 
way of improving the properties of the solder is the judicious selection and innovation of 
the processing techniques like powder metallurgy coupled with microwave sintering [6-7, 
9-12]. Microwave sintering approach also results in a significant energy savings of more 
than 90% when compared with the conventional sintering approach [26]. Furthermore, for 
flip-chip circuit assembly, bonding processes including thermal compression, thermosonic 
and ultrasonic bonding have been introduced [27-30]. In these approaches, solders do not 
go through a conventional melting process during use and the properties of the original 
solder would not be affected significantly, particularly in ultrasonic bonding [30]. 
However, the results of open literature search indicate that no research attempt is made so 
far to synthesize tin-copper solders using the Cu at nanolength scale and using the 
technique of powder metallurgy incorporating microwave sintering process. Accordingly, 
in the present study, Sn-Cu solders were synthesized by incorporating varying amount of 
nano-size copper (0.0 wt. (0.0 vol.) %, 0.25 wt. (0.2 vol.) %, 0.43 wt. (0.35 vol.) %, 0.86 
wt. (0.7 vol.) % and 1.35 wt. (1.1 vol. %)) particles using powder metallurgy method 
incorporating microwave sintering. Particular emphasis was placed in the present study to 
correlate the effect of copper addition on the microstructural, thermal, electrical and 




Phase 3 of this chapter has discussed the aging study of newly developed Sn-Cu solders 
using microwave sintering assisted powder metallurgy route. In order to ensure long term 
reliability of the developed Sn-Cu solder, it is essential to investigate the influence of 
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amount of copper addition and isothermal aging time on the interfacial intermetallic 
compound (IMC) layer growth. During the soldering process, metallurgical reaction 
between the liquid solder and Cu pad formed a layer of IMC at the solder/substrate 
interface [31-32]. Moreover, with increasing miniaturization and more input/output 
terminals in packaging, IC devices with high density substrates generate higher heat 
during service. The heat is dissipated through the solder joints and this could result in 
temperature increase in the joints. This higher temperature has the capability to accelerate 
the diffusivity of elements in solder joints and can lead to IMC layer growth at the 
interface. Though it is desirable that there is a good metallurgical bonding between the 
solder and the substrate, due to the brittle nature of the intermetallic layer and the 
mismatch of physical properties of IMC with solder matrix (such as the coefficient of 
thermal expansion and the modulus of elasticity), excessive intermetallic growth often 
degrades the interfacial integrity. This might result in deleterious effect on the solder joint 
reliability. Accordingly, in the present study, the thickness of IMCs layer formed between 
Cu substrate and Sn-Cu solders of varying Cu concentration and as a function of aging 
time was characterized. An attempt is made to correlate IMC layer thickness with the 
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Phase 1: 
Effect of Sintering and its Type on Microstructural and Tensile 




In the present study, sintering response of pure tin is assessed and correlated with 
microstructure and tensile behaviour following hot extrusion using powder metallurgy 
route. This study was undertaken as there is no information in public domain on sintering 
of tin which is emerging as an interconnect material in its nearly pure forms. Results 
revealed that energy efficient microwave sintered samples exhibited superior combination 
of microstructure, electrical and tensile properties when compared to unsintered and 
conventionally sintered samples. Description of the material used and experimental 








1 M. E. Alam and M. Gupta, “Effects of sintering and its type on the microstructural and tensile response 
of pure tin", Powder Metallurgy, 52 (2009) 105-110. 
 
2 S. M. L. Nai, J. V. M. Kuma, M. E. Alam, X. L. Zhong, P. Babaghorbani, M. Gupta, "Using microwave 
assisted powder metallurgy route and nano-size reinforcements to develop high strength solder 
composites", Journal of Materials Engineering and Performance, DOI: 10.1007/s11665-009-9481-z 
(Published online: 24 June 2009). 
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4.2 Results and Discussion 
4.2.1 Macrostructure 
The result of macrostructural characterization conducted on sintered pure tin did not 
reveal presence of macropores or any other defects. Following extrusion, there was also no 
evidence of any macrostructural defects in any of the unsintered and sintered preforms. 
The results suggest the appropriateness of processing parameters and methodology used in 
this present study. 
 
4.2.2 Density Measurement 
Pure tin was successfully synthesized without sintering and with sintering of two different 
types using PM route. Results showed that near dense materials were formed for 
microwave sintered samples while other types showed marginally higher amount of 
porosity (see Table 4.1). Highest amount of porosity (1.2%) was exhibited in the 
unsintered samples. In general, the sintered samples exhibited higher density values than 
those unsintered samples. This can be attributed to the sintering mechanism that involves 
atomic motion which produces the mass flow into voids, causing a decrease in overall 
volume and thus contributes to the reduction of total porosity [8]. Comparing with 
conventionally sintered samples, the enhanced densification in microwave assisted 
sintered samples can be attributed to the higher sintering temperature that causes faster 
migration of atoms in accordance with the fundamental principles of diffusion [6-8, 33]. 
This is supported by the microstructural characterization studies which reveal the presence 
of smaller pore size for microwave sintered samples when compared with conventionally 
sintered samples (see Table 4.1 and Figure 4.1). 
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Table 4.1 Results of density and porosity of pure tin. 
Density 







7.212 ± 0.001 
7.212 ± 0.033 
1.2 ± 0.0 




7.246 ± 0.008 
7.252 ± 0.031 
0.7 ± 0.1 




7.226 ± 0.002 
7.230 ± 0.007 
1.0 ± 0.0 
0.9 ± 0.1 
* USBX = Unsintered, before extrusion; USAX = Unsintered, after extrusion; MSBX= Microwave 
sintered, before extrusion; MSAX= Microwave sintered, after extrusion; CSBX= Conventionally 
sintered, before extrusion; CSAX= Conventionally sintered, after extrusion. 
 
 
4.2.3 Microstructural Characterization 
 
Microstructural characterization studies conducted on the unextruded and extruded 
samples showed near equiaxed grain morphology (see Table 4.2 and Figure 4.2). Average 
grain size was slightly larger for microwave sintered samples and aspect ratio was almost 
the same for all. Microstructural characterization results also showed that prior to 
extrusion, microwave sintered samples yielded the lowest porosity level and smallest 
average pore size value, while the unsintered samples yielded the highest porosity level. 
After extrusion, the results revealed a similar trend (in terms of grain size, porosity level, 
pore size and pore morphology), however the extruded samples in general had better 
microstructural properties in all means. Micron size pores were discretely exhibited in all 
samples before extrusion while extruded samples revealed submicron size pores (see 
Table 4.2 and Figures 4.1 and 4.2).  
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Figure 4.1 Representative FESEM micrograph showing pore morphology of pure tin 
for the case of: (a) unsintered, (b) microwave sintered and (c) 
conventionally sintered samples. 
 
 
Conventionally sintered samples also showed sharp-edged pores when compared to 
unsintered and microwave sintered samples (see Table 4.2 and Figures 4.1 and 4.2) both 
for unextruded and extruded samples. Furthermore, Figure 4.3 revealed that distributions 
of the pores towards lower aspect ratio were most pronounced for microwave sintered 
extruded samples and towards higher aspect ratio for conventionally sintered extruded 
samples. Of all the extruded materials, microwave sintered samples still exhibited the 
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lowest average porosity value and smallest average pore size. Hence taking into 
consideration that extrusion did not affect the trend of microstructural characterization 
results and keeping industrial practice in mind where the solders are predominantly used 
in bar and wire forms which are produced using extrusion/wire drawing, further 
characterization studies (like resistivity, microhardness, tensile tests) were conducted only 
on extruded samples. 
 
Table 4.2 Results of grain and pore morphology of pure tin. 
Grain characteristics a Pores characteristics b
Materials 
Size (μm) Aspect ratio Size (μm) Aspect ratio 
Sn/USBX 
Sn/USAX 
3.6 ± 2.0 
2.9 ± 1.0 
1.7 ± 0.5 
1.5 ± 0.3 
1.60 ± 0.60 
0.18 ±0.10 
1.8 ± 0.5 
1.7 ± 0.5 
Sn/MSBX 
Sn/MSAX 
3.9 ± 2.0 
3.0 ± 1.0 
1.6 ± 0.5 
1.5 ± 0.4 
1.50 ± 0.60 
0.14 ± 0.08 
1.7 ± 0.4 
1.5 ± 0.5 
Sn/CSBX 
Sn/CSAX 
3.4 ± 2.0 
2.6 ± 1.0 
1.7 ± 0.6 
1.5 ± 0.3 
2.90 ± 1.38 
0.34 ± 0.13 
2.4 ± 0.9 
3.4 ± 1.3 
a   More than 100 grains were quantified in each case. 
b   A minimum of 55 pores were quantified in each case. 
 
Results of microstructural characterization of unextruded and extruded tin samples are 
discussed in terms of: (a) grain morphology and (b) amount of porosity, pore size and its 
shape. The microstructural characterization conducted on both unextruded and extruded 
samples revealed the presence of near-equiaxed grains (see Table 4.2 and Figure 4.2). 
However, unextruded samples exhibited larger grains when compared with that of the 
extruded samples (see Table 4.2). Considering standard deviation, the variation in grain 
size can be said to be independent of sintering and type of sintering. 
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(c1)           (c2) 
Figure 4.2 Representative FESEM micrographs showing grain morphology of pure 
tin in: (a) unsintered, (b) microwave sintered and (c) conventionally 
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Metallography of the unextruded and extruded samples also revealed the variation in pores 
morphology as a function of sintering and its type (see Table 4.2, Figures 4.1 and 4.2). 
Lowest average pore size was observed for microwave sintering assisted extruded 
samples. Highest percentage of porosity was observed in the case of unsintered samples 
(see Table 4.2). This can be attributed to absence of sintering step which is one of the 
primary steps to close the porosity. Moderate pore size can be observed from Table 4.2 
and Figure 4.1 for unsintered extruded samples and results further show that pores are 
present inside the grains as well as along the grain boundaries. This can be attributed to 
the absence of sintering step which leads to the migration of pores to the grain boundary 
before their almost complete elimination [8]. In the case of conventionally sintered and 
microwave sintered extruded samples, the pores were predominantly located at or in near 
vicinity of grain boundaries (see Figure 4.1). Conventionally sintered samples exhibited 
largest pore size and with highest aspect ratio suggesting the predominance of lenticular 
pores (see Figures 4.1c and 4.3). The amount of pores remains marginally lesser when 
compared to unsintered samples. The highest aspect ratio of the pores in the case of 
conventionally sintered samples suggests the intermediate stage of sintering realized even 
when the holding duration was 2 hours. The absence of lenticular pores in the case of 
microwave sintered samples suggests that a few minutes of sintering duration in 
microwaves can bring the sintering process into its final stage [8]. Micron size pores were 
discretely exhibited by all unextruded samples while extruded samples revealed 
submicron size pores. This can be attributed to the effect of hot extrusion where 
temperature softens the material and at the same time extrusion pressure breaks the pores 
and distributes them throughout the samples. 
 
 




























Figure 4.3 Distribution of aspect ratio of pores in unsintered, microwave sintered and 
conventionally sintered and extruded samples. 
 
 
4.2.4 X-Ray Diffraction 
Table 4.3 shows X-ray diffractograms data obtained from extruded pure tin samples 
processed under different sintering conditions. Diffractograms showed absence of tin 
oxide phase for all of the cases as all peaks matched with standard tin peaks only (Figure 
4.4). This result indicates that the oxide formation of pure tin is independent of sintering 
and its type.  
 









Sn/ USAX 11 - 232.6 ± 0.5 15.3 ± 0.1 
Sn/ MSAX 11 - 232.3 ± 0.3 14.2 ± 0.1 
Sn/ CSAX 11 - 232.9 ± 0.8 14.9 ± 0.1 
a Numeric value indicates that the number of main peaks matched. 
 




































4.2.5 Melting Point 
Table 4.3 shows the melting point of pure tin processed with the aid of sintering and 
without sintering. Result revealed that microwave sintering assisted sample exhibited 
lowest melting point (232.3 0C) while the conventional sintered sample exhibited the 
highest melting point (232.9 0C). Considering standard deviation, the variation of melting 
temperature of these samples is statistically insignificant and can be said that there is no 
effect of sintering type on the melting point of pure tin. Moreover, experimental melting 
point of all the samples is close to its theoretical melting point (232 0C). 
 
4.2.6 Resistivity 
Electrical resistivity of the sintered and unsintered samples is shown in Table 4.3. Results 
revealed that microwave sintering assisted samples exhibited lowest average resistivity 
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values when compared to unsintered and conventionally sintered samples. This can be 
attributed to the highest average grain size for microwave sintering assisted samples. 
Glazer reported that the resistivity is lowest for perfectly ordered, undislocated metals of 
large grain size at low temperature [17]. Furthermore, the lower percentage of porosity of 
microwave assisted sintered samples helps to exhibit lower resistivity values as the 
porosity act as non-conducting voids for the electron flow (see Tables 4.1 and 4.3 and 
Figure 4.1) [34-35]. 
 
4.2.7 Mechanical Characteristics 
The result of microhardness measurement showed that conventional (radiant heat) sintered 
samples exhibited higher microhardness values than those of microwave sintering assisted 
and unsintered samples (see Table 4.4). This can be attributed to the smaller average grain 
size, exhibited by radiant heat sintered samples. Smaller grain size has large grain 
boundary area leading to higher hardness [36]. Besides average grain size, grain size 
distribution of the conventionally sintered samples was also shifted to lower grain sizes 
(see Figure 4.5). 
 
Table 4.4 Results of room temperature mechanical properties of extruded pure tin.  
 
Materials Microhardness (HV) 








Sn/ USAX 11.1 ± 0.2 37 ± 4 42 ± 4 8.2 ± 0.4 4.9 ± 0.4 
Sn/ MSAX 10.8 ± 0.1 35 ± 2 39 ± 3 10.0 ± 0.5 6.1 ± 0.7 



























Figure 4.5 Distribution of grain size of unsintered, microwave sintered and 
conventionally sintered and extruded samples. 
 
 
The results of room temperature tensile tests on extruded samples revealed that microwave 
assisted rapidly sintered samples exhibited noticeable increment in 0.2% YS and UTS 
when compared to conventionally sintered samples. However, variation in strengths was 
statistically insignificant between microwave sintered and unsintered samples (see Table 
4.4). In general, the stress required to operate the dislocation sources is the yield stress of a 
material and is governed primarily by the dislocation density that restricts the motion of 
dislocations. Under the applied stress, the grain boundary areas act as the main obstacles 
to the dislocation movement for pure metals. Even though the variation of grain size were 
negligible considering standard deviation, for conventionally sintered samples, lenticular 
pores along the grain boundaries reduced the total grain boundary area as well as the 
dislocation density and might have contributed to lower strength compared to unsintered 
and microwave sintered samples (see Tables 4.2 and 4.4 and Figure 4.1). It is well 
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established that level of porosity plays a part to influence the tensile properties of PM 
processed materials. In this study, it was observed that the morphology of pores played a 
more vital role to influence the tensile properties of the materials. Taking into 
consideration the standard deviation of the porosity level in all the materials, only 
marginal variation in porosity level was observed (see Table 4.1). On the contrary, results 
of the morphology of pores evidently revealed that their effects dominated the overall 
tensile properties (see Table 4.2). Lower strength values for conventionally sintered 
samples can also be explained by the pore morphology where large and sharp-edge pores 
acted as stress concentration sites that led to premature failure. This finding is also 
consistent with the work of other investigators working on other metallic materials (such 
as Al and Mg) who reported microstructural features like pore morphology was more 
instrumental in improving tensile strength [9, 12]. Figure 4.6d clearly shows the 
predominance of intergranular cracks on the fracture surface of conventionally sintered 
samples supporting this hypothesis (see also Figure 4.1c). FS was highest for microwave 
sintered samples while unsintered samples showed lowest values of FS. The results of 
failure strain can be correlated with the amount of porosity. Unsintered samples with 
maximum amount of porosity experienced lowest FS while microwave sintered samples 
with lowest amount of porosity exhibited highest FS. These results are consistent with the 
ability of pores to act as a stress concentration sites leading to poor ductility in metal-
based materials [34, 37].  
 
 
Microwave assisted two-directional rapidly sintered samples exhibited highest work of 
fracture (WoF) when compared with unsintered and conventionally sintered samples. 
Microwave sintered samples showed 25% higher WoF than unsintered samples and this 
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increment was as high as 56% when compared to conventionally sintered samples. Based 
on microstructural and fracture surface observation this can primarily be attributed to the 
pore morphology where microwave sintered samples showed near equiaxed pores with 
smaller size while conventionally sintered samples revealed sharp-edge pores (highest 
aspect ratio) with much larger size (see Table 4.2 and Figures 4.1, 4.2 and 4.3). These 
results are also consistent with the work of other investigators who observed on increase in 
toughness and ductility of Fe-based materials and attributed the increase to the presence of 
round-edged porosity [38]. 
 
      
 
 








Figure 4.6 Representative fractographs showing: (a) macromechanism (b) 
intergranular cracks and micro-pores in the case of unsintered samples, (c) 
dimples in the case of microwave sintered samples and (d) predominance 
of intergranular cracks in the case of conventionally sintered and extruded 
samples. 
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4.2.8 Fracture Behavior 
Macromechanism of tensile fracture surface shown in Figure 4.6a reveals almost identical 
fracture mechanism. However, microscopic analysis of the tensile fracture surface 
conducted on the unsintered fractured samples reveals the presence of micropores, 
dimples and intergranular cracks (see Figure 4.6b). Fractographic analysis on microwave 
sintered fracture samples revealed the extensive presence of dimple like features, 
indicative of relatively higher ductility (see Table 4.4 and Figure 4.6c) [39]. The 
observation made on the fracture surface of conventionally sintered tensile samples 
revealed predominance of intergranular cracks with limited evidence of dimple like 
features consistent with the relatively flat fracture surface observed macroscopically (see 
Figures 4.6a and 4.6d). Observations made on the fracture surfaces of the samples are 
consistent with the results of tensile properties such as failure strain and work of fracture 
(see Table 4.4) and in particular the pore morphology (see Figure 4.1).  
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Phase 2: 





Phase 1 of this chapter was devoted to synthesize of pure tin by varying sintering 
methodologies using powder metallurgy technique. Characterization results revealed that 
microwave sintered sample exhibited the best combination of microstructure, physical, 
electrical and mechanical properties. Accordingly, in the present study, varying amount of 
nano-sized (25nm) copper particles were incorporated into tin in order to develop high 
strength Sn-Cu solders using microwave sintering assisted powder metallurgy route. The 
materials used and the experimental procedures to synthesize Sn-Cu solders are described 
in chapter 3. Phase 2 of this chapter discusses about the properties exhibited by Sn-Cu 
solders in light of its microstructural characteristics. 
 
4.3 Results and Discussion 
4.3.1 Macrostructure 
The result of macrostructural characterization conducted on sintered and extruded samples 
did not reveal presence of macropores, cracks or any other defects. The results suggest the 
appropriateness of processing parameters and methodology used in the present study to 
synthesis Sn-Cu based formulations. 
 
 
1 M. E. Alam, S. M. L. Nai and M. Gupta, "Development of high strength Sn-Cu solder using copper 
particles at nanolength scale", Journal of Alloys and Compounds, 476 (2009) 199-206. 
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4.3.2 Density Measurement 
The results of the density measurements at the room temperature extruded Sn-Cu solder 
samples are shown in Table 4.5. Results reveals that lower density was realized for Sn-Cu 
solders samples when compared to pure tin and commercially available and widely used 
commercial solder materials. More than 14% of solder weight can be reduced by using Sn-
0.25 wt. % Cu when compared to conventional Sn-37Pb solder (see Table 4.5) [40]. This 
reduced solder weight can be instrumental in developing lighter modern electronic 
equipments. Volume percent of porosity in all the samples was minimal and marginally 
increased with the increasing amount of nano-sized copper addition. 
 
Table 4.5 Results of density and porosity of pure tin and Sn-Cu solders. 
 
Materials 








Sn 0.00 0.00 7.285 ± 0.01 0.02 
Sn-0.25Cu 0.25 0.20 7.217 ± 0.01 0.03 
Sn-0.43Cu 0.43 0.35 7.244 ± 0.01 0.05 
Sn-0.86Cu 0.86 0.70 7.224 ± 0.02 0.08 
Sn-1.35Cu 1.35 1.10 7.225 ± 0.01 0.10 
Sn-37Pb c - - 8.42 - 
Sn-3.5Ag c - - 7.50 - 
Sn-3.0Ag-0.5Cu c - - 7.39 - 
Sn-0.7Cu c - - 7.31 - 
a  Four samples from each specimen were tested. 
b 10 randomly captured representative micrographs were quantified using scion image analyzer software. 
c  Data obtained from Ref. [40]. 
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4.3.3 Microstructural Characterization 
Results of microstructural characterization of extruded pure tin and Sn-Cu samples are 
shown in Table 4.6 and discussed in terms of: (a) grain morphology (b) percentage of 
porosity and pore morphology, and (c) the presence, distribution and morphology of the 
second phase particles. The microstructural characterization results revealed the presence 
of near-equiaxed grains (see Table 4.6 and Figure 4.7). Pure tin samples exhibited slightly 
larger grains when compared to that of the Sn-Cu samples (see Table 4.6). Average grain 
size decreases marginally with increasing amount of copper addition. This can be 
attributed to the pinning of grain boundaries by the second phases resulting in limited 
grain growth. However, considering standard deviation of the grain size values, the 
variation in grain size was observed to be independent of the incorporation of Cu into Sn. 
 
























Sn 2.1 ± 0.6 1.5 ± 0.3 161 ± 57 1.5 ± 0.3 - - - 
Sn-0.25Cu 1.9 ± 0.6 1.6 ± 0.4 158 ± 55 1.7 ± 0.6 0.5 ± 0.1 1.5 ± 0.4 0.08 
Sn-0.43Cu 1.8 ± 0.6 1.6 ± 0.4 157 ± 65 1.5 ± 0.3 0.8 ± 0.4 1.5 ± 0.4 0.52 
Sn-0.86Cu 1.7 ± 0.6 1.5 ± 0.3 145 ± 64 2.3 ± 1.0 1.3 ± 0.4 1.9 ± 0.7 1.26 
Sn-1.35Cu 1.7 ± 0.7 1.6 ± 0.5 156 ± 72 2.8 ± 1.2 0.9 ± 0.8 2.0 ± 0.8 2.68 
a  More than 100 grains were quantified in each case. 
b A minimum of 50 pores / secondary phase were quantified in each case. 
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 Grain Morphology Pore Morphology  




      
 
 







Figure 4.7 Representative FESEM micrographs showing the grain and pore 
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The samples also revealed a variation in pore morphology as a function of nano-size Cu 
addition (see Table 4.6 and Figure 4.7). For all samples, it was observed that the addition 
of Cu did not affect the size of the pores. However, aspect ratio of the pores increased 
beyond 0.43 wt. % Cu addition, implying the presence of sharper pores. In the case of Sn-
1.35 wt. % Cu, lenticular pores were observed and they were mostly located at the 
interface of Sn matrix and second phase (see Figure 4.7c). Volume percent of porosity 
also increased with increasing Cu incorporation into Sn (see Table 4.5) and this is 
consistent with the finding of other researchers working on metallic additions in Sn-based 
matrix materials [18, 21]. 
 
















Sn 9 - - 232.4 ±0.2 26.4 ± 0.2 14.1 
Sn-0.25Cu 7 - - 228.1 ± 0.3 24.9 ± 0.8 14.7 
Sn-0.43Cu 9 - - 227.7 ±0.2 24.1 ± 0.4 15.3 
Sn-0.86Cu 8 - - 228.9 ± 0.2 25.3 ± 0.8 15.3 
Sn-1.35Cu 10 - 1 229.8 ± 0.7 24.7± 0.5 15.5 
Sn-37Pba - - - 183 24.7 14.5 
Sn-0.7Cua - - - 227 - 10-15 
   
  a  Data obtained from Ref. [40]. 
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Representative FESEM micrographs (see Figure 4.8) show reasonably uniform 
distribution of second phase in Sn-Cu samples. Table 4.6 shows that the volume percent of 
second phase increased with increasing Cu addition. This can be attributed to the presence 





      
 
 
      
(a) (b) 
Cu6Sn5
 (c) (d)  
 
 
Figure 4.8 Representative FESEM micrographs showing the IMC morphology in: (a) 
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4.3.4 X-Ray Diffraction 
X-ray diffraction (XRD) was carried out on all samples (see Table 4.7). Only Sn phase 
was detected while Cu and Cu related phases were not detected in the Sn-Cu samples. 
This can be attributed to the limitation of the filtered X-ray to detect phases with less than 
2 volume percent [41-42]. In the case of Sn-1.35 wt. (1.1 vol.) % Cu, though the amount 
of secondary phases was found to be more than 2 vol. % (2.68 vol. %, see Table 4.6), no 
Cu and Cu related phases were detected. This can be attributed to the smaller particle size 
of second phase (0.9 μm) which is difficult to detect by X-ray diffraction technique [42-
43]. Kim et al. [44] reported that 2 wt. % of Ti can easily be detected for 26-38 μm 
particle size range while around 25 wt. % of Ti was required for detection when the 
particle size range decreased to 0.05-1.0 μm. This implied that when the particle size is 
near submicron range, a larger volume percent of the element or its phases is required to 
be present for detection [43-44]. However, a slow speed scan (0.2 deg/min) conducted on 
Sn-1.35 wt. % Cu sample revealed a single peak corresponding to Cu6Sn5 (see Table 4.7). 
EDS results conducted on the polished samples further confirmed the presence of Sn-Cu 
phases in Sn-Cu solder samples (see Figure 4.9). 
 
4.3.5 Melting Point 
 
The DSC results showed the melting temperature of pure tin and Sn-Cu samples (see 
Table 4.7). Results revealed that melting temperature decreased with the incorporation of 
nano-size copper when compared with pure tin. Near eutectic temperature of Sn-Cu 
system (227 0C) was found for Sn-0.43 wt. % Cu samples (227.7 0C). This implied that 
Sn-0.43 wt. % Cu solder can be used as an alternative solder without adjusting the existing 
soldering processes. 



















Figure 4.9 EDS of Sn-1.35Cu, showing the presence of Sn-Cu phases. 
 
 
4.3.6 Coefficient of Thermal Expansion 
Coefficient of thermal expansion (CTE) measurements revealed that the incorporation of 
copper into tin resulted in a better dimensional stability of Sn-Cu samples when compared 
to pure tin (see Table 4.7). This can be attributed to: (i) the lower CTE of Cu (CTECu = 
17.8 x 10-6/K at 150 °C) as compared to that of tin (CTESn = 26.7 x 10-6/K at 150 °C) 
[45-46] and (ii) the presence of second phase [46]. However, considering standard 
deviation, the change of CTE values among the Sn-Cu solder materials are statistically 
insignificant. Lower CTE value was observed for Sn-0.43 wt. % Cu solder when 
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compared to the commercially available Sn-37Pb solder [40], indicating that this solder 
formulation can be used as a replacement of conventional Sn-37Pb solder. 
 
4.3.7 Resistivity 
Table 4.7 shows the results of electrical resistivity of pure tin and Sn-Cu samples. The 
results revealed that electrical resistivity increased marginally with increasing amount of 
copper addition. In accordance with the Matthiessen’s rule (see equation (4.1)), the total 
resistivity of a material is the sum of three components: (i) impurity ( iρ ), (ii) 
thermal )( tρ , and (iii) deformation )( dρ  resistivity components [47]. 
 
dtitotal ρρρρ ++=              (4.1) 
 
These three components are the result of the disturbance of normal motions of electrons, 
which is primarily attributed to lattice scattering and impurity scattering. The presence of 
lattice imperfections reduces the mean free path of electron motion. This consequently 
leads to a reduction in electron mobility and hence an increase in resistivity value [17, 35]. 
Thus, it is expected that with the addition of Cu in Sn matrix, the electrical resistivity 
value of Sn-Cu solders will be higher than that of pure tin. 
 
Furthermore, the increasing percentage of porosity with more copper addition also leads to 
the higher electrical resistivity values as the porosity acts as non-conducting voids for the 
electron flow (see Tables 4.5 and 4.7 and Figure 4.7) [34-35]. However, the resistivity 
results of Sn-Cu solders are still comparable with the resistivity value of eutectic Sn-0.7Cu 
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or Sn-37Pb solder [40]. Hence Sn-Cu solder in this study can still fulfill its role as an 
electrical interconnects material. 
 
4.3.8 Wettability 
Figure 4.10 shows the wetting force and time of Sn-Cu solders measured at 270 0C. The 
index of wetting such as wetting force, wetting time and wetting angle were determined in 
this study (see Table 4.8). In general, the solder that have a higher wetting force and lower 
wetting time is determined to have good wettability [48]. The solder spread up the 
specimen during the wetting test and the length that the solder spreads depends on the 
magnitude of maximum wetting force. In order to form a metallurgical bond, the solder 
and substrate have to be mixed at the atomic level at the interface [49]. The wetting time 
indicates the speed of reaction between the substrate and the molten solder. Results 
revealed that the addition of nano length copper particles in pure tin reduced the wetting 
force while increasing the wetting time (see Table 4.8 and Figure 4.10). This can be 
attributed to the inclusion of Cu particles which has relatively inferior wettability than 
pure tin [17, 49]. Vianco et al. reported that the wetting rate of Sn on Cu substrate in air at 
270 0C was significantly faster than the alloys [17, 50]. Their hypothesis was that the 
alloying addition to the melt slows the kinetics of intermetallic compound formation 
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Table 4.8 Results of wetting force, time and angle of Sn-Cu solders. 
 





Sn 1.18 ± 0.1 0.35 ± 0.05 10.6 ± 0.3 
Sn-0.25Cu 0.90 ± 0.1 0.92 ± 0.04 15.3 ± 0.4 
Sn-0.43Cu 0.78 ± 0.1  1.31 ± 0.04 16.4 ± 0.3 
Sn-0.86Cu 0.41 ± 0.1 2.84 ± 0.07 26.5 ± 0.5 
Sn-1.35Cu 0.34 ± 0.1 3.45 ± 0.09 28.8 ± 0.8 
Sn-52Bi a - - 43 ± 8 
Sn-9Zn a - - 37 
Sn-2.5Ag-0.8Cu-0.5Sb a - - 44 ± 8 
Sn-3Cu a - - 31 
a  Data obtained from Ref. [17]. 
 
For electronics industry soldering applications, a solder joint with a satisfactory fillet 
formation is desired for minimum stress concentration and can be achieved with low 
contact angle. Table 4.8 shows the wetting angle between the Sn-Cu solders and Cu 
substrate. Wetting angle was started to increase with the nano-size copper addition in tin 
(see Table 4.8). It can be related to the surface tension. Surface tension of the solder/air 
interface plays a major role to control the wetting angle (see equation 2.1). Addition of Cu 
in tin raised the surface energy of the liquid solder/air interface and thus helped to increase 
the contact angle between solder and Cu substrate. These results are consistent with the 
other researchers who added Cu in Sn/Sn-based solders [17, 49, 51-52]. However, wetting 
angles exhibited by Sn-Cu solders developed in this study  are still very low when 
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compared to other solder materials (see Table 4.8) and thus these Sn-Cu solders can be 
easily used as interconnect materials. 
 
 




4.3.9 Mechanical Characteristics 
The experimental results of microhardness measurement are shown in Table 4.9. Pure Sn 
exhibited the lowest average hardness value. The average microhardness increased with 
increasing presence of Cu in pure Sn. This can be attributed to the increasing amount of 
intermetallic phases in the matrix (see Table 4.6 and Figure 4.7). It may be noted that the 
presence of harder and stiffer second phases act as potential sites for obstructing localized 
plastic deformation of the matrix during localized indentation. These results are consistent 
with the findings of other researchers working on tin based solders [18, 21, 46, 53]. 
Around 35 % higher microhardness value was observed for Sn-1.35 wt. (1.1 vol. %) Cu 
samples when compared to pure tin samples. This value is much higher than that obtained 
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by other researchers working on commercially available Sn-0.7 wt. % Cu [18]. When 
comparing Sn-0.43 wt. % Cu (Sn-0.35 vol. % Cu) solder from this study with the eutectic 
Sn-0.7 wt. %Cu [18] processed under same condition, it was also noted that the 
microhardness value increased by ~ 63%, though lower amount of Cu was present. 
 












Sn 11.2 ± 0.3 38 ± 1 44 ± 2 12.8 ± 1.6 
Sn-0.25Cu 12.8 ± 0.2 43 ± 1 49 ± 3 8.3 ± 0.6 
Sn-0.43Cu 14.3 ± 0.3 50 ± 3 57 ± 4 8.0 ± 1.2 
Sn-0.86Cu 14.7 ± 0.5 43 ± 5 49 ± 6 7.5 ± 0.8 
Sn-1.35Cu 15.1 ± 0.1 32 ± 3 37 ± 5 6.2 ± 0.3 
Sn-0.7Cu a 8.8 ± 0.2 17 ± 1 20 ± 1 33.6 ± 3.0 
Sn-0.7Cu b - 15 22 39 
Sn-3.5Ag b - 22.5 26.7 24 
Sn-37Pb b - 27 31 48 
  a  Data obtained from Ref. [18]. 
  b  Data obtained from Ref. [40]. 
 
The results of ambient temperature tensile tests revealed that the strength level increased 
with the incorporation of copper up to 0.43 weight percent (see Table 4.9 and Figure 
4.11). Sn-0.43 wt. % Cu samples revealed higher 0.2% yield strength (YS) (~32%) and 
ultimate tensile strength (UTS) (~30%) when compared with that of pure tin. Beyond 0.43 
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wt. % Cu addition into Sn, the strength started to decrease and the lowest 0.2% YS and 
UTS values were observed for Sn-1.35 wt. % Cu. However, these strength values are still 
higher than the strength of the widely used commercial solders (see Table 4.9) [40]. By 
comparing Sn-0.43 wt. % Cu and Sn-0.86 wt. % Cu solders synthesized in this study with 
the eutectic Sn-0.7 wt. % Cu [40], 0.2% YS increased by ~ 233% and ~ 187%, while UTS 
increased by ~ 159 % and ~ 123%, respectively. The increase in 0.2% YS and UTS can be 
analyzed in terms of morphological characteristics associated with: (i) grains, (ii) 




Figure 4.11 Representative stress-strain curves for monolithic Sn and Sn-Cu solders. 
 
 
Grain size refinement plays a role to increase the material’s strength [20, 47]. However, in 
this study, this strengthening effect is negligible as the variation of grain size is 
statistically insignificant (see Table 4.6 and Figure 4.7). Moreover, there is no change in 
the aspect ratio of the grains for all samples (see Table 4.6). 
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Increase of 0.2% YS and UTS up to 0.43 wt. (0.35 vol.) % Cu addition can be attributed to 
the formation and the increasing presence of intermetallic phase in the matrix (see Tables 
4.6 and 4.9 and Figure 4.8). The copper particles reacted with pure tin to form 
intermetallics and modified the microstructural features, hence increasing strength. This 
observation is consistent with that reported by other researchers [20, 22-24]. However, it 
was noted that the strength level started to decrease beyond 0.43 wt. % Cu addition even 
though there was increasing presence of IMCs (see Tables 4.6 and 4.9 and Figure 4.8). 
This can be attributed to: (a) the morphology of second phase as beyond 0.43 wt. % Cu 
additions, the aspect ratio of second phase increased and this may act as stress 
concentration sites (see Table 4.6 and Figures 4.8c and 4.8d) and (b) the presence of 
lenticular pores at the interface of second phase and solder matrix (see Figures 4.7c and 
4.8d). 
 
The decrease in strength values beyond 0.43 wt. (0.35 vol.) % Cu addition can also be 
partly explained by the pore morphology observed in the samples. Beyond the threshold 
value of 0.43 wt. % Cu addition, the aspect ratio of pores increased significantly (from 1.5 
to 2.8) with increasing addition of Cu in the solder (see Tables 4.6 and 4.9 and Figure 4.7). 
The lenticular pores (higher aspect ratio) in Sn-0.86 wt. % Cu and Sn-1.35 wt.% Cu 
samples can act as stress concentration sites leading to premature failure (see Tables 4.6 
and 4.9 and Figure 4.7c) [54]. Fracture surface observation also supports this hypothesis 
(see Figures 4.12d and 4.12e). This observation is consistent with the findings of other 
researchers which stated that even though the volume percent of porosity is very low, the 
shape of the pores can critically influences the overall tensile properties [54-55]. 
 









      
Pores
 
 (b) (c)  
 





Figure 4.12 Representative FESEM fractographs showing micropores in: (a) pure tin, 
(b) Sn-0.25Cu and (c) Sn-0.43Cu and more obvious intergranular crack in: 
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Table 4.9 shows the decreasing trend of failure strain (FS) with the addition of Cu 
particles. This can be attributed to the presence of relatively harder second phase that 
serves as crack nucleation sites, resulting in a decrease in FS under tensile loading 
condition. This observation is consistent with the findings of other researchers working on 
other solder materials [18, 20, 46, 53, 56-58]. 
 
4.3.10 Fracture Behaviour 
Microscopic analysis of the tensile fracture surface conducted on the pure Sn, Sn-0.25Cu 
and Sn-0.43 wt. % Cu samples showed dimple-like features (see Figures 4.12a to 4.12c). 
More pores were observed in the case of Sn-0.43Cu when compared to the fractograph of 
pure Sn. This may lead to relatively lower ductility as observed in Sn-0.43 wt. %Cu 
samples. Figures 4.12d and 4.12e show the tensile fractographs for Sn-0.86Cu and Sn-
1.35Cu, respectively. These fractographs revealed the presence of intergranular crack 
along with micropores and dimple-like features. These intergranular cracks might have 
originated from the lenticular pores or the debonded intermetallics (see Table 4.6 and 
Figures 4.7c, 4.8d and 4.12) and led to premature failure. The results of fractographic 
analyses thus clearly revealed the role of amount and morphological characteristics of 
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Phase 3:  
Effect of Amount of Cu on the IMC Layer Thickness between Sn-Cu 




High strength Sn-Cu solders incorporating nano-sized Cu particles synthesized using 
microwave sintering assisted powder metallurgy technique were developed and discussed 
in phase 2 of chapter 4. In order to ensure long term reliability of these solders, it is 
essential to investigate the influence of amount of copper addition and isothermal aging 
time on the interfacial intermetallic compound (IMC) layer growth. Accordingly, Sn-Cu 
solder samples were processed by heating at 250 0C using the hot plate and characterized 
following reflow process. Depending on the IMC layer thickness results and combining it 
with other characterizations results discussed in phase 2, aging studies were conducted on 
selected Sn-Cu compositions. Preparation of samples and characterization procedures 
were discussed on chapter 3. Phase 3 of this chapter presents the results and critically 







1. M. E. Alam, S. M. L. Nai and M. Gupta, “Effect of amount of Cu on the intermetallic layer thickness 
between Sn-Cu solders and Cu substrates", Journal of Electronic Materials, 38 (2009) 2479-2488. 
 
Chapter 4: Development of High Strength Sn-Cu Solders 
 
 
Development of New Tin Based Formulations 
 
93
4.4 Results and Discussion 
4.4.1 Microstructural Characterization  
Microstructural characterization studies were conducted on the pure Sn and Sn-Cu 
samples shown in Table 4.10 and discussed in terms of: (a) grain size, (b) presence of pore 
and (c) presence and distribution of second phase particles after the reflow process. 
Results revealed that the average grain size decreased with increasing amount of copper 
additions (see Table 4.10 and Figure 4.13). This can be attributed to the pinning of grain 
boundaries by the second phases, resulting in limited grain growth [59]. However, 
considering the standard deviation, the variations of grain size values were statistically 
insignificant for the pure Sn, Sn-0.25Cu and Sn-0.43 wt. % Cu samples. A much lower 
grain size was observed for the case of Sn-0.86Cu and Sn-1.35 wt. % Cu samples. There 
might be presence of some unreacted Cu particles in the bulk solders which reacted with 
the Sn during the reflow process, resulting the formation of the Cu6Sn5 phase. This in turn 
restricted the grain growth [60]. Microstructural characterization also revealed the 
presence of pores in the solder matrix (see Figure 4.14). The formation and presence of 
microscopic pores in the solder matrix may be attributed to the gas entrapment during the 
reflow process. This finding is consistent with that of other researchers who worked on 
nano-sized copper additions in Sn-Pb solders [23]. Figure 4.15 shows the distribution of 
Cu and its related phase in the Sn-1.35 wt. %Cu solder matrix after the reflow process. 
EDS point analysis was conducted on the samples in order to provide an insight into the 
distribution of Cu. Concentration of Cu was very high at both ends due to the Cu 
substrates. On the other hand, the middle portion revealed limited presence of Cu 
concentration but nearly uniform distribution of the Cu phases (see Figure 4.15a). Figure 
4.15b shows the limited presence of Sn at the interface of the solder joint. 
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Table 4.10  Results of grain, pore and IMC layer thickness of solder joints in as 
reflowed condition. 
 





Vol. % of 
porosity b  
in solder matrix 
IMC layer 
thickness b  
(μm) 
Sn - - 13.2 ± 4.3 0.12 2.69 ± 0.10 
Sn-0.25Cu 0.25 0.20 12.5 ± 2.8 0.19 2.58 ± 0.15 
Sn-0.43Cu 0.43 0.35 11.6 ± 3.0 0.25 2.43 ± 0.21 
Sn-0.86Cu 0.86 0.70 5.2 ± 2.1 0.11 3.55 ± 0.23 
Sn-1.35Cu 1.35 1.10 4.1 ± 1.9 0.09 3.89 ± 0.12 
a At least 40 grains were quantified in each case. 
b 10 randomly captured representative micrographs were quantified using Scion image analyzer software. 
 
      
 
      
 
Figure 4.13 Representative FESEM micrographs showing the grain morphology of: (a) 
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Figure 4.14 Representative FESEM micrographs showing the IMC layer characteristics 
for: (a) Sn, (b) Sn-0.25Cu, (c) Sn-0.43Cu, (d) Sn-0.86Cu and (e) Sn-1.35 wt. 
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Figure 4.15 Representative X-ray mapping shows the distribution of Cu and Sn into the 
Sn-1.35 wt. % Cu solder matrix and substrate. 
 
 
4.4.2 Intermetallic Compound Layer Thickness in as Reflowed Condition 
The IMC layer thicknesses values the of Sn and Sn-Cu solder joints following a reflow 
process are shown in Table 4.10. Results revealed that the average IMC layer thickness 
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attributed to the increasing presence of micropores (0.25 vol. % pore for Sn-0.43 wt. %Cu 
solder) in the solder matrix (see Figure 4.14). The presence of pores leads to the reduction 
in the IMC thicknesses by providing the free surface for segregation and subsequent 
nucleation of the Cu-Sn phase (Cu6Sn5). So, less amount of Cu atoms might diffuse to the 
solder/substrate interface and hence the chance of growing IMC layer thickness at the 
interface will be less. This can be linked with Bader’s finding who reported that the 
diffusant faces more difficulty to pass through the Kirkendall voids to the interfaces [61]. 
In order to investigate the concentration of Sn and Cu phases in the pores and pore-free 
solder region of the Sn-Cu solder system, both the EDS point and the line analysis were 
conducted (see Figure 4.16). Point 1 on the pore area showed the dominance of the Cu 
peak (see Figure 4.16a). Weight percentage of Cu was more than twice at the pore than the 
Sn percentage. This confirmed that the Cu or Sn-Cu second phase were segregated onto 
the free surface of pores which might hinder the growth of IMC layer at the interface. 
Point 2 on the pore free Sn-Cu solder matrix revealed the expected dominant Sn peak (see 
Figure 4.16b). Both Sn and Cu peaks were strong at point 3 taken on the Sn-Cu IMCs (see 
Figure 4.16c). Figure 4.16d shows that point 4 corresponding to the Cu substrate revealed 
the expected dominant Cu peak. Results of the EDS line scanning also revealed higher Cu 
counts at the pore area and this supported the previous analysis (see Figure 4.16e). 
However, considering the standard deviation values, the variation of IMC layer 
thicknesses were statistically insignificant up to the addition of 0.43 wt. % Cu. The IMC 
layer thickness started to increase beyond 0.43 wt. % Cu addition and maximum thickness 
was observed for the case of Sn-1.35 wt. % Cu solder. This can be attributed to the: (a) 
availability of more free Cu atoms, (b) smaller grain size and (c) presence of less pores.  
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  Cu-K (weight %)  Sn-L (weight %) 
Sn-0.43Cu_pt1   67.29   32.71 
Sn-0.43Cu_pt2    0.43   99.57 
Sn-0.43Cu_pt3   33.47   66.53 
Sn-0.43Cu_pt4   99.86    0.14 
 
Figure 4.16 EDS analysis showing the intensities of Cu and Sn peaks at: (a) pore, (b) 
pore-free location of solder matrix (c) IMC layer, (d) Cu substrate and (e) 
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For the Sn-0.86 wt. % Cu and Sn-1.35 wt. % Cu solders, there might be presence of some 
unreacted Cu particles in the samples which reacted with pure tin during the reflow 
process and this aided to grow a thicker IMC layer [60]. Grain size can greatly influence 
the IMC layer growth [62]. Lower grain size (i.e. higher grain boundary area) accelerates 
the growth rate of IMC layer as the elements diffuse faster through the grain boundaries 
than through the grains (see Table 4.10 and Figure 4.13) [61-63]. Less presence of pores 
(0.09 vol. % in the case of Sn-1.35 wt. %Cu solder) also helped to grow the IMC layer 
thicker by offering a smooth diffusing path for the diffusant when compared to the other 
Sn-Cu solders (see Table 4.10). Scallop-like morphology was also observed for all 
samples after the reflow process (see Figure 4.14). According to Gusak et al., a liquid 
channel exists between the two scallops, the depth of which reaches the Cu substrate and 
the width of channel is assumed to be small compared to the radius of scallops [64]. This 
channel serves as a rapid diffusion path for Cu to go into the molten solder, to grow the 
scallops [64-65]. 
 
4.4.3 Aging Study  
In order to investigate the aging response of the Sn-Cu solders, pure Sn, Sn-0. 43 wt. %Cu 
and Sn-1.35 wt. %Cu samples were selected for their extreme results shown in as-
reflowed condition (see Table 4.10). Moreover, the microstructural and tensile responses 
of these solder compositions studied previously also helped in their selection [59]. In the 
present study, aging temperature was set at 150 ºC which corresponds to around 0.84 
homologous temperatures (T/Tm) of the solders. Some investigators working on the solder 
materials had chosen the aging temperature of 100 ºC and 125 ºC and observed only 
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marginal growth of the IMC layer even with exposed time of 14 days. On the other hand, 
the same thickness was obtained after 2 days of aging at an aging temperature of 150 ºC 
[66-67]. Figure 4.17 shows the representative FESEM micrographs of the pure Sn, Sn-
0.43 wt. %Cu and Sn-1.35 wt. %Cu samples at different aging times. It is clearly shown 
that the interfacial IMC layer thicknesses increased with aging time. This can be attributed 
to the diffusion of Cu elements with time that helped to increase the IMC layer growth. 
The graphs showing the average total IMC layer thickness with respect to different aging 
time were also plotted and shown in Figure 4.18a. The obtained results revealed that the 
growth of IMC layer thicknesses of Sn and Sn-0.43 wt. %Cu solders were almost similar, 
indicating that adding nano-sized Cu particles up to 0.43 wt. % in pure tin did not increase 
the IMC layer thicknesses, but significantly improved the solder’s thermal and mechanical 
properties [59]. Figure 4.18a showed that there is a significant interfacial IMC layer 
growth for Sn-1.35 wt. %Cu solder when compared with other samples, with respect to the 
aging time (see also Figure 4.17). This result signifies that Sn-1.35 wt. %Cu might fail 
earlier than the other solders due to its thicker brittle-like IMC layer. Humpston et al. 
reported that the tensile strength reduced more than 60 % when the intermetallic layer 
thickened from 2 micron to 6 micron [68]. 
 
Generally, the thickness of the IMC layer can be determined using a simple growth model 
[69]: 
nDty )(=           (4.2) 
where y is the IMC layer thickness at time t, D is the diffusion coefficient of the diffusing 
atomic species which determined the growth of the IMC layer and n is the time exponent.  
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Figure 4.17 Representative FESEM micrographs showing the IMC layer growth in: 
(a) pure Sn, (b) Sn-0.43Cu and (c) Sn-1.35 wt. % Cu samples 
respectively. Subscript 0, 1, 2, 3 and 4 represents the aging time (week) 
of these samples. 
 
(a0) (b0) (c0) 
(a1) (c1) (b1) 
(a2) (c2) (b2) 
(b3) (a3) (c3) 
(b4) (a4) (c4) 
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In this study, the atomic diffusion of Sn and Cu is the main controlling mechanism for the 
IMC growth during the isothermal aging. It can be assumed that the n value is 0.5 when 
the reaction is mainly controlled by the diffusion mechanism [70]. The thickness of the 
IMC layer (y) was plotted against t1/2, to analyze the growth rate (see Figure 4.18b). D was 
determined from a linear regression analysis of y versus t1/2, where the slope of the graph 
is D1/2 (see Figure 4.18b). 
 
Figure 4.18 Average total thickness of Sn-Cu IMC layer with respect to (a) isothermal 
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Table 4.11 shows the derived diffusion coefficient (D) and linear correlation factors (R2) 
of the samples. It can be observed from the result that all the values of R2 is greater than 
0.90, confirming that the IMC layer growth for all the samples investigated in this study 
were diffusion-controlled. These results are consistent with the findings of other 
researchers working on the solder materials [31, 71]. Table 4.11 revealed that the pure Sn 
and Sn-0.43 wt. %Cu solders exhibited almost similar diffusion coefficients (2.6 x 10-13 
cm2/s for pure Sn and 2.7 x 10-13 cm2/s for Sn-0.43 wt. %Cu samples) while the Sn-1.35 
wt. %Cu solder exhibited a much higher diffusion coefficient (6.67 x 10-13 cm2/s). This 
signifies that the amount of nano-sized copper incorporations in tin should be controlled to 
get the desired result. 
 
Table 4.11 Diffusion coefficient (D) of Sn-Cu solders. 
Materials D (x 10-13 cm2/s) R2 
Sn 2.6 0.925 
Sn-0.43Cu 2.7 0.918 
Sn-1.35Cu 6.67 0.910 
R2 is linear correlation factor. 
 
The change in morphology of the interface for all samples was observed with aging time 
(see Figure 4.17). With the advance of time, scallop-like features were changed into 
planar-like morphology. The change in interface morphology was the result of IMC 
growth in the valleys between the scallops. It can be explained more clearly with the help 
of schematic diagram shown in Figure 4.19. The constitutive atoms can travel by several 
diffusion paths to result in the morphological growth and the change of intermetallic 
compound layer thickness. During reflow, more Cu atoms from the solder matrix directly 
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come into contact with the substrate and this helps to increase the IMC layer thickness at 
the base (path 1) [72]. Path 2 shows that the Cu flux from the peak was driven to the 





Figure 4.19 Schematic diagram showing the possible diffusion paths. 
 
 
In essence, the present study reveals that Sn-0.43Cu formulation exhibits a superior 
combination of microhardness, 0.2 % YS (~ 233%) and UTS (~ 159%) when compared to 
the commercially available Sn-0.7 wt. % Cu. Higher strength of the Sn-0.43Cu solder 
assures that it can survive in more stressful condition as the higher stresses will be needed 
to initiate cracks, thus delaying material’s failure. Furthermore, the thinner IMC layer 
observed in the Sn-0.43Cu solder joint may translate to better reliability of the solder 
joints as reported by researchers working on other lead-free solder materials [31, 49, 64, 
68]. In addition, the use of hybrid microwave sintering process also saves time (up to 
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85%) and energy (up to 96%). Both these features will make Sn-0.43Cu economically 
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Development of High Strength Sn-Mg Solder Alloys with 
Reasonable Ductility 1 
 
Summary 
In the present study, new lead-free Sn-Mg solders are developed incorporating varying 
amount of Mg (0.8, 1.5 and 2.5 wt. %) into pure tin using disintegrated melt deposition 
technique. Solder samples were then subsequently extruded at room temperature and 
characterized in terms of microstructural, physical, electrical, thermal and mechanical 
characteristics. The materials used and the experimental procedures followed to synthesize 
Sn-Mg solder alloys are described in chapter 3. This chapter discusses the salient 
characteristics exhibited by newly developed low cost Sn-Mg solders and compares their 













1 M. Gupta, M. E. Alam and S. M. L. Nai, “High strength and ductile Sn-Mg and its ternary lead-free 
solder alloys”, US provisional patent application no. 61/245,783 (2009). 
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Lead-free solder materials are the subject of extensive research globally to safeguard the 
health of living organisms and the environment [1-8]. The increasing use of lead-free 
solders is also driven by the direct threat of strict legislation to ban the use of lead-based 
solders in electronics manufacturing industries by USA, Japan and the countries under 
European Union and the market change due to public ‘green awareness’ [6-8]. Therefore, 
establishing a lead-free solder has become a critical issue. In recent years, many attempts 
are made to develop high performance lead-free solders [9-12]. Among the new lead-free 
solders, the Sn-3.5Ag, Sn-3.0Ag-0.5Cu and Sn-0.7Cu solders are the most promising 
alloys. However, these commercial solder alloys are more expensive and exhibit higher 
melting points when compared to conventional Sn-37Pb solder alloy [13-16]. 
Accordingly, solder manufacturers are actively looking for silver free solder alloys as the 
cost of silver has increased significantly in recent times [13-16].  
 
Size of the electrical components is shrinking and the numbers of input/output terminals 
are increasing day by day with the advent of chip scale packaging technologies. The 
numbers of solder joints per package have increased, but at the same time, the dimensions 
of the solder joints have decreased. Modern world demands personal electrical equipments 
(like mobile phone set, camera, laptop, biomedical systems etc.) lighter and smaller that 
are more user-friendly, functional, powerful and reliable. The current solder materials are 
generally heavy which is a major disadvantage to the modern electronic equipments. Thus, 
this necessitates the development of new interconnection materials equipped with a 
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combination of good physical, mechanical, electrical and thermal properties in order to 
fulfill the ever-stricter service requirements [4, 17]. 
 
The results of open literature search indicate that some investigators have attempted to use 
a trace amount of Mg (0.1 to 0.7 wt. %) with a series of Sn-Ag-Cu solders to investigate 
the effect of Mg addition on the melting point and wettability of Sn-Ag-Cu-Mg lead-free 
solders [18]. Another group of investigators have also attempted to use Mg as a secondary 
alloying element to develop a ternary Sn-Ag-Mg solder alloy [19], consisting of 3-14 
wt.% Ag and 1.9-3.2 wt. % Mg. The properties (melting temperature, surface tension) of 
the alloy were explained by computational studies and no experimental studies were 
conducted. No results are reported in which investigators have developed Sn-Mg binary 
solder alloy and/or synthesized the solder alloy without wetting agent and/or synthesized 
the solder alloy by superheating Sn and Mg mixture beyond the melting temperature of 
magnesium.  
 
Accordingly, in the present study, new lead-free Sn-Mg solders were synthesized by 
superheating pure Sn shots with varying weight percent of Mg turnings (0.0, 0.8, 1.5 and 
2.5) to 750 0C using disintegrated melt deposition technique. Particular emphasis is placed 
to correlate the effect of addition of magnesium on the microstructural evolution, thermal, 
physical, electrical and mechanical properties of Sn-Mg solders and to compare these 
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5.2 Results and Discussion 
5.2.1 Macrostructure 
The result of macrostructural characterization studies conducted on Sn-Mg ingots that 
were synthesised using disintegrated melt deposition technique did not reveal presence of 
cracks or pores. Moreover, the room temperature extruded pure tin and Sn-Mg samples 
also did not reveal presence of macropores, cracks or any other defects. The results 
suggest the appropriateness of processing parameters and methodology used in the present 
study. 
 
5.2.2 Density Measurement 
The results of the density measurements at the room temperature of the extruded Sn-Mg 
solder samples are shown in Table 5.1. Results revealed that lower density was realized 
for Sn-Mg solder samples when compared to pure tin and commercially available and 
widely used commercial solder materials. This can be attributed to the lower density of 
Mg (1.74 g/cc) when compared to pure tin (7.30 g/cc) and other commonly used alloying 
elements (Pb: 11.34 g/cc, Ag: 10.49 g/cc, Cu: 8.93 g/cc etc) [20-21]. Around 19% of 
solder weight can be reduced by using Sn-2.5Mg when compared to conventional Sn-37Pb 
solder (see Table 5.1) [21]. This reduced solder weight can be instrumental in developing 
lighter modern electronic equipments. Volume percent of porosity in all the samples were 
minimal and marginally increased with the addition of Mg. The formation and presence of 
fine microscopic voids in the solidified Sn-Mg solders can be attributed to the gas 
entrapment in the bulk solder mixture during solidification [22]. These results are 
consistent with the findings of other researchers working on tin based solders [22-23].  
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Table 5.1 Results of density and porosity of Sn and Sn-Mg solders. 





Sn - 7.30 0.02 
Sn-0.8Mg 0.8 7.10 0.04 
Sn-1.5Mg 1.5 6.92 0.05 
Sn-2.5Mg 2.5 6.83 0.07 
Sn-37Pb c - 8.42 - 
Sn-3.5Ag c - 7.50 - 
Sn-3.0Ag-0.5Cu c - 7.39 - 
Sn-0.7Cu c - 7.31 - 
a  Four samples from each specimen were tested. 
b 10 randomly captured representative micrographs were quantified using Scion image analyzer software. 
c  Data obtained from Ref. [21]. 
 
5.2.3 Microstructural Characterization 
 
Results of microstructural characterization of extruded Sn-Mg samples are shown in Table 
5.2 and in Figures 5.1 and 5.2 and discussed in terms of: (a) grain morphology and (b) the 
presence, distribution and morphology of the second phase particles. Microstructural 
characterization results revealed the presence of near-equiaxed grains for all samples 
indicating its independency on the amount of Mg (see Table 5.2). Largest average grain 
size was observed for pure tin samples (see Table 5.2 and Figure 5.1). Grain size started to 
decrease with the increasing amount of Mg addition (see Table 5.2). This can be attributed 
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to the pinning of grain boundaries by the increasing amount of second phases resulting in 
limited grain growth (see Table 5.2 and Figure 5.2) [5]. 
 
 
      
 
      
 
Figure 5.1 Representative FESEM micrographs showing the grain morphology of: (a) 
pure Sn, (b) Sn-0.8Mg, (c) Sn-1.5 Mg and (d) Sn-2.5Mg samples. 
 
 
The morphology of secondary phase is shown in Table 5.2 and Figure 5.2. Relatively 
larger and more uniform distribution of second phase particles was observed with the 
increasing amount of Mg in tin. However, considering standard deviation, the variation of 
second phase size can be considered statistically insignificant. Volume percent of 
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5.2). This can be attributed to the higher amount of Mg in tin that reacted with tin to 
produce more Sn-Mg secondary phase. Furthermore, higher percentage Mg samples 
exhibited lower inter-particle spacing  (see Table 5.2). This can be attributed to the 




      
 
 
      
 
 
Figure 5.2 Representative SEM micrographs showing the secondary phase 











Chapter 5: Development of High Strength Sn-Mg Solder Alloys 
 
 
Development of New Tin Based Formulations 
 
118
Table 5.2 Results of grain and secondary phase morphology of Sn and Sn-Mg 
solders. 
 










Vol. % λ  
(µm) 
Sn 22.0 ± 9.0 1.5 ± 0.3 - - - - 
Sn-0.8Mg 7.1 ± 3.7 1.6 ± 0.5 0.73 ± 0.3 2.1 ± 0.8 5.14 2.11 
Sn-1.5Mg 4.3 ± 1.7 1.7 ± 0.4 0.75± 0.3 2.0 ± 0.8 7.82 1.62 
Sn-2.5Mg 2.8 ± 1.1 1.5 ± 0.4 0.84 ± 0.3 1.8 ± 0.6 10.22 1.48 
a More than 100 grains have been taken into considerations. 
b A minimum of 150 secondary phase were quantified in each case. 
 
5.2.4 Melting Point 
Differential Scanning Calorimetry (DSC) analysis was carried out in order to investigate 
the temperature dependent reactions of the alloys. Figure 5.3 shows typical DSC curves 
obtained for pure tin and Sn-Mg solder alloys on heating. Two endothermic peaks were 
observed for all Sn-Mg solder samples while only a single peak was observed for pure tin 
sample. DSC curves show that pure tin started to melt at 232 0C, the onset point of the 
peak, which is its theoretical melting temperature [24]. For the Sn-Mg solders, onset 
temperature of first peak for all samples was in temperature range 201 to 202 0C. This 
temperature is very close to the eutectic temperature (203.5 ± 0.3 0C) of Sn-Mg binary 
system (see Table 5.3 and Figure 5.3) [24]. For the second peak that corresponds to the 
melting of bulk samples, the onset temperature matches closely with the theoretical 
melting temperature of respective Sn-Mg alloy.  
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Figure 5.3 DSC curves of pure Sn and Sn-Mg solder alloys on heating. 
 
 












Sn 232 232 - 
Sn-0.8Mg 221 202 220 
Sn-1.5Mg 210 202 212 
Sn-2.5Mg 218 201 219 
Sn-37Pb 183 - - 
Sn-0.7Cu 227 - - 
Sn-3.5Ag-0.7Cu 221 - - 
a  Data obtained from Ref. [24]. 
 
5.2.5 Coefficient of Thermal Expansion 
Coefficient of thermal expansion (CTE) measurements revealed that the addition of Mg 
turnings into tin resulted in a better dimensional stability of Sn-Mg solders when 
compared to pure tin (see Table 5.4). This can be attributed to: (i) the lower CTE of Mg 
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(CTEMg = 25.3 x 10-6/K at 150 °C) as compared to that of tin (CTESn = 26.7 x 10-6/K at 
150 °C) [20, 25] and (ii) the presence of a second phase [3, 5]. However, considering 
standard deviation, the change of CTE values among the Sn-Mg solder materials are 
statistically insignificant. Lower CTE value was observed for Sn-2.5Mg solder (23.1 x 10-
6/K) when compared to the commercially available Sn-37Pb (25 x 10-6/K) and Sn-0.7Cu 
(30 x 10-6/K) solders [20], indicating that this solder formulation will lead to lower 
interfacial stresses when compared to conventional Sn-37Pb or Sn-0.7Cu solders. 
 
Table 5.4 Results of CTE, Resistivity and XRD of Sn and Sn-Mg solders. 
 
XRD Materials CTE a 
(x10-6-K) 
Resistivity a
(μΩcm) Sn Mg Mg 2Sn 
Sn 26.6 ± 0.7 13.9 ± 0.0 12 - - 
Sn-0.8Mg 25.1 ± 0.4 15.5 ± 0.0 12 - 2 
Sn-1.5Mg 24.9 ± 0.9 16.7 ± 0.0 12 - 4 
Sn-2.5Mg 23.1 ± 1.4 16.9 ± 0.0 12 - 4 
Sn-37Pb b 25 14.5 - - - 
Sn-0.7Cu b 30 10-15 - - - 
a At least 4 samples in each case has been considered. 
b Data obtained from Ref. [21] and [26]. 
 
5.2.6 Resistivity 
Table 5.4 shows the results of electrical resistivity of pure tin and Sn-Mg solders. The 
results revealed that electrical resistivity increased marginally with increasing amount of 
magnesium addition. In accordance with the Matthiessen’s rule (see equation (5.1)), the 
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total resistivity of a material is the sum of three components: (i) impurity ( iρ ), (ii) 
thermal )( tρ , and (iii) deformation )( dρ  resistivity components [27]: 
 
dtitotal ρρρρ ++=              (5.1) 
 
These three components are the result of the disturbance of normal motions of electrons, 
which is primarily attributed to lattice scattering and impurity scattering. The presence of 
lattice imperfections reduces the mean free path of electron motion. This consequently 
leads to a reduction in electron mobility and hence an increase in resistivity value [5, 28]. 
Thus, it is expected that with the addition of Mg in Sn matrix, the electrical resistivity 
value of Sn-Mg solders will be higher than that of pure tin.  
 
Furthermore, the marginal increase in porosity with Mg addition also leads to the higher 
electrical resistivity values as the porosity acts as non-conducting voids for the electron 
flow (see Tables 5.1 and 5.4) [22, 29]. Moreover, percentage of Mg2Sn phase increases 
with increasing Mg amount into pure tin (see Table 5.2 and Figure 5.2). The electrical 
resistivity of Mg2Sn is also very high compared to the pure Sn and Mg which contributes 
to increasing electrical resistivity of Sn-Mg solders [30]. However, the resistivity values of 
Sn-Mg solders are still close to the resistivity value of eutectic Sn-0.7Cu or Sn-37Pb 
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5.2.7 X-Ray Diffraction 
X-ray diffraction (XRD) was carried out on all extruded samples (see Table 5.4 and Figure 
5.4). Only Sn phase was observed for pure Sn samples while Sn and Sn-Mg second phases 
(Mg2Sn) were detected for the Sn-Mg solder samples. Not a single Mg peak was detected 
in Sn-Mg solders indicating that all the Mg reacted with Sn and formed Mg2Sn phase. 
Moreover, no Sn or Mg oxide formation was detected. EDS results conducted on the 
polished samples further confirmed the presence of Sn and Mg at the second phase in Sn-






Figure 5.4 Representative XRD results showing the standard Sn and Mg2Sn peaks of 
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5.2.8 Mechanical Characteristics 
The experimental results of microhardness measurement are shown in Table 5.5. Pure Sn 
exhibited the lowest average hardness value and a prominent increase in microhardness 
was observed for Sn-Mg samples with increasing presence of Mg in pure Sn. The 
microhardness increases up to 271% for Sn-2.5Mg solder samples when compared to its 
base metal (pure tin). This can be attributed to the increasing amount of intermetallic 
phases in the matrix (see Table 5.2 and Figure 5.2). It may be noted that the presence of 
1  2
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harder and stiffer second phases act as potential sites for obstructing localized plastic 
deformation of the matrix during localized indentation [5]. Furthermore, the lower average 
grain size is associated with larger grain boundary area leading to higher hardness [31]. 
These results are consistent with the findings of other researchers working on tin based 
solders [3, 5]. 
 













Sn 8.9 ± 0.4 10 ± 2 14 ± 2 127 ± 10 21 ± 4 
Sn-0.8 Mg 14.4 ± 0.3 35 ± 2 51 ± 2 34 ± 7 25 ± 4 
Sn-1.5 Mg 22.6 ± 1.9 51 ± 2 70 ± 3 28 ± 1 29 ± 2 
Sn-2.5 Mg 33.0 ± 1.0 55 ± 7 80 ± 11 30 ± 4 36 ± 5 
Sn-3.5Ag-0.7Cu a - 26 30 27 - 
Sn-0.7Cu a - 15 22 39 - 
Sn-3.5Ag a - 23 27 24 - 
Sn-37Pb a - 27 31 48 - 
    a  Data obtained from Ref. [21]. 
 
 
The results of room temperature tensile tests are shown in Table 5.5 and Figure 5.6. 
Results revealed that the strength level of Sn and Sn-Mg solders increased with the 
addition of magnesium (see Table 5.5). Sn-2.5Mg samples revealed highest 0.2% yield 
strength (YS) (~ 450%) and ultimate tensile strength (UTS) (~ 471%) when compared to 
pure tin. By comparing Sn-2.5Mg solder synthesized in this study with the commercial 
eutectic Sn-0.7Cu [21], 0.2% YS increased by ~ 267% while UTS increased by ~ 264 %. 
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The tensile properties of Sn-2.5Mg solder were also found to be better when compared 
with other commercially available leaded Sn-37Pb (~ 104% higher 0.2%YS and ~ 158% 
higher UTS) or lead-free Sn-3.5Ag-0.7Cu solders (~ 112% higher 0.2%YS and ~ 167% 
higher UTS) (see Table 5.5) [21]. This enhancement will assist in longer service life of the 
newly develop solders due to their enhanced ability to withstand the stresses that are 
generated during use. The increase in 0.2% YS and UTS can be rationalized in terms of 
morphological characteristics associated with: (i) grains, (ii) secondary phases and (iii) 
work hardening due to the strain mismatch between Mg2Sn (intermetallic) and the pure 
tin. 
 
Grain size refinement plays an important role to increase the material’s strength (see 
Tables 5.2 and 5.5 and Figures 5.1 and 5.6) [27, 32]. In general, the stress required to 
operate the dislocation sources is the yield stress of a material and is governed primarily 
by the dislocation density that restricts the motion of dislocations. Under the applied 
stress, these grain boundary areas act as the main obstacles to the dislocation movement. 
According to Hall-Petch equation (see equation 5.2), the yield strength yσ  varies with 




−+= dyy κσσ            (5.2) 
 
where d is the average grain diameter and 0σ and ky are constants for the materials. 
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Increase in 0.2% YS and UTS of Sn-Mg samples can also be attributed to the formation 
and the increasing presence of intermetallic phase in the matrix (see Tables 5.2 and 5.5 
and Figure 5.2). Magnesium reacted with pure tin to form Mg2Sn phase and modified the 
microstructural features, hence increasing strength. This observation is consistent with that 
reported by other researchers working on Sn-based solder materials [23, 32-33]. 
Progressive reduction in inter-particle spacing with increasing presence of magnesium 
also contributed to strengthening through increasing the difficulty of dislocation motions 
(see Table 5.2 and Figure 5.2) [34]. Furthermore, mismatch deformation due to large 
difference in CTE values of Sn matrix and Mg2Sn is significant to generate geometrically 





Figure 5.6 Representative engineering stress-strain curves of Sn and Sn-Mg solders 
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Ductility values of the pure tin and Sn-Mg solder samples are shown in Table 5.5. Results 
revealed that pure tin samples exhibited very high ductility. Ductility started to decrease 
with the addition of Mg. However, the ductility of Sn-Mg solders is still comparable (if 
not better) with the commercially available and widely used tin-based solders (see Table 
5.5). The lower ductility exhibited by the Sn-Mg solders can be attributed to the presence 
of relatively harder second phase particles that serves as crack nucleation sites, resulting in 
a decrease in ductility under tensile loading condition. This observation is consistent with 
the findings of other researchers working on other solder materials [32, 36]. 
 
Table 5.5 shows the work of fracture (WoF) of pure tin and Sn-Mg solders. WoF started to 
increase with the incorporation of Mg addition. Sn-2.5Mg sample exhibited ~ 71% higher 
WoF than the pure tin samples. This can be attributed to much higher strength level of Sn-
Mg samples than pure tin samples. Microstructural features like reduced grain size and 
presence of secondary phase (Mg2Sn) are also responsible for higher WoF [27]. 
 
5.2.9 Fracture Behavior 
Ductile fracture surface of pure tin and Sn-Mg solder samples shown in Figure 5.7 
revealed their own distinctive features at both macroscopic and microscopic levels. 
Figures 5.7a and 5.7b shows two characteristics macroscopic fracture profiles. The 
extremely ductile (127%) pure tin samples necked down to a point fracture, showing 
virtually 100% reduction in area. Sn-Mg solder samples exhibited the cup and cone type 
of fracture profile common to ductile materials (see Figures 5.7a and 5.7b) where fracture 
was preceded by only a moderate amount of necking. The irregular and fibrous 
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appearance at the central interior region of the fracture surface confirms the plastic 
deformation of Sn-Mg solders [27]. 
 
      
 
      
 
      
 
Figure 5.7 Representative pictures showing (a) and (b): macroscopic view of 
fracture mechanism of Sn-Mg solders and microscopic view of: (c) pure 
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Microscopic analysis of the tensile fractured surface of pure Sn and Sn-Mg samples 
showed the presence of spherical dimples (see Figures 5.7c to 5.7f). Each dimple is one 
half of a microvoid that is formed and then separated during the fracture process. Only a 
few numbers of dimples were observed for pure tin as the samples experienced point like 
fractures. Increasing numbers of dimples were observed with Mg addition. Figure 5.7 also 
revealed that size of the dimples decreases with the increasing amount of Mg addition. 
 
In essence, the results of present study reveal that the Sn-Mg solder samples extruded at 
room temperature exhibit uniform microstructural features, better thermal and mechanical 
properties in terms of microhardness, 0.2% YS, UTS and ductility when compared to the 
commercially available solders. Sn-2.5Mg solder samples exhibited ~267% higher 0.2 % 
yield strength (YS) and ~264% higher ultimate tensile strength (UTS) when compared to 
commercially available Sn-0.7Cu solder [21]. Higher strength of the Sn-Mg solders 
assures that it can survive in more stressful condition as the higher stresses will be needed 
to initiate cracks, thus delaying material’s failure. Melting temperature of Sn-1.5Mg was 
found to be 212 0C which is much lower than the lead-free eutectic Sn-Ag, Sn-Ag-Cu or 
Sn-Cu solders. Solder weight can be reduced by 19% using Sn-2.5Mg solder instead of 
Sn-37Pb solder. Furthermore, the material cost of Mg is very low compared to the Ag, Cu, 
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Development of Extremely Ductile Lead-Free Sn-Al Solders for 




This part of PhD study addresses the development of new lead-free Sn-Al solders 
containing varying amount of Al (0.4 and 0.6 % by weight) using disintegrated melt 
deposition technique. Solder samples were then subsequently extruded at room 
temperature and characterized to determine microstructural, physical, electrical, thermal 
and mechanical characteristics. The materials used and the experimental procedures 
followed to synthesize Sn-Al solders are described in chapter 3. This chapter attempts to 













1 M. Gupta and M. E. Alam, “Sn-Al solder alloys with exceptional ductility”, US provisional patent 
application no. 61/100,387 (2008). 
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Sn-Pb solders for metal interconnections have a long history, dating back 2000 years [1]. 
Ease of handling, low cost, low melting temperature, good workability, ductility and 
excellent wetting on Cu and its alloys had made Sn-Pb solders an automatic choice as an 
interconnect material in electronic packaging industries. Due to the toxic nature of Pb and 
legal, environmental and technological factors, the pursuit for alternative lead-free 
soldering materials was taken seriously over past two decades [2-8]. This led to the 
development of lead-free solders like eutectic Sn-3.5 Ag [9], Sn-0.7 Cu, Sn-57 Bi [10], 
Sn-9 Zn [11] and Sn-51 In [12] including their more complex alloys and composites [12]. 
Newly developed commercial solder alloys are more expensive due to the presence of 
silver (Ag) and exhibit higher melting points when compared to conventional Sn-37Pb 
solder alloy [13-16]. Accordingly, solder manufacturers are actively looking for Ag free 
solder alloys as the cost of Ag has increased significantly in recent times [13-16].  
 
The semiconductor industry has witnessed the rapid pace of improvement in its product 
for more than four decades. Component/chip, cost and compactness are the principal 
categories of improvements which have resulted mainly from the industries ability to 
exponentially decrease the minimum feature sizes. According to Moore’s law, the number 
of components per chip doubles roughly every two years [17]. Now a days, the industries 
are using 100 μm diameter solder bumps with 100 μm pitch, meaning 2,500 I/O bumps 
per cm2 chip surface. If the bump diameter and pitch are reduced to 50 μm, then per cm2 
surface has to adopt 10,000 bumps [18]. Based on the international technology roadmap 
for semiconductors, projections are made to reduce the pad pitch below 20 μm by 2016 
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[19]. Moreover, modern world demands personal electrical equipments (like mobile phone 
set, camera, laptop, biomedical systems etc.) lighter and smaller that are more user-
friendly, functional, powerful and reliable. The current solder materials are generally 
heavy which is a major disadvantage to the modern electronic equipments. Thus, this 
necessitates the development of new interconnection materials equipped with a 
combination of good physical, mechanical and electrical properties in order to fulfill the 
ever-stricter service requirements [8, 20]. 
 
The results of open literature search indicate that investigators have attempted to use Al 
with Zn as Zn-5Al master alloy with Sn in a composition like 91Sn-9(Zn-5Al) or 80Sn-
20(Zn-5Al) in order to investigate the effect of Zn-5Al master alloy on microstructure of 
Sn-Zn-Al alloy solder [21]. Only oxidation behavior of eutectic Sn-0.6Al was investigated 
by Lin et al. as for comparison purpose with 91Sn-9(Zn-5Al) solder alloy [22]. Another 
group of researchers used Al as an alloying element with Sn-9Zn solder in order to study 
the effect of Al addition on its oxidation and wettability behavior [23]. No results are 
reported in which investigators have developed Sn-Al binary solder alloys and/or 
synthesized the solder alloy to investigate its mechanical, physical or electrical properties 
except oxidation behavior and/or synthesized the solder alloy by superheating Sn and Al 
mixture beyond the melting temperature of Al.  
 
Accordingly, in the present study, new lead-free Sn-Al solders were synthesized by 
superheating pure Sn shots with varying weight percent of Al powder (0.0, 0.4 and 0.6) to 
750 0C using disintegrated melt deposition technique. Particular emphasis is placed in the 
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present study to correlate the effect of addition of aluminum in tin on the microstructural 
evolution, physical, electrical and mechanical properties of resultant Sn-Al solders and to 
compare these properties with the existing commercially available solders. 
 
6.2 Results and Discussion 
6.2.1 Macrostructure 
The result of macrostructural characterization conducted on Sn-Al ingots synthesized 
using disintegrated melt deposition technique did not reveal presence of cracks or pores. 
Moreover, the room temperature extruded pure tin and Sn-Al samples also did not reveal 
presence of macropores, cracks or any other defects. The results suggest the 
appropriateness of processing parameters and methodology used in the present study to 
develop Sn-Al solders. 
 
6.2.2 Density Measurement 
The results of the density measurements on the room temperature extruded Sn-Al solder 
samples are shown in Table 6.1. Results revealed that lower density was realized for Sn-
Al solders samples when compared to pure tin and commercially available and widely 
used commercial solder materials. This can be attributed to the lower density of Al (2.70 
g/cc) when compared to pure tin (7.30 g/cc) and other commonly used alloying elements 
(Pb: 11.34 g/cc, Ag: 10.49 g/cc, Cu: 8.93 g/cc etc) [24-25]. Around 16% of solder weight 
can be reduced by using Sn-0.6Al when compared to conventional Sn-37Pb solder (see 
Table 1) [25]. This reduced solder weight can be instrumental in developing lighter 
modern electronic equipments. Volume percent of porosity in all the samples were 
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minimal and marginally increased with the addition of Al. The formation and presence of 
fine microscopic voids in the solidified Sn-Al solders can be attributed to the gas 
entrapment in the bulk solder mixture during solidification [26]. These results are 
consistent with the findings of other researchers working on tin based solders [26-27].  
 
Table 6.1 Result of density and porosity of Sn and Sn-Al solders. 





Sn - 7.30 ± 0.01 0.02 
Sn-0.4Al 0.4 7.13 ± 0.02 0.13 
Sn-0.6Al 0.6 7.10 ± 0.01 0.18 
Sn-37Pb c - 8.42 - 
Sn-3.5Ag c - 7.50 - 
Sn-3.0Ag-0.5Cu c - 7.39 - 
Sn-0.7Cu c - 7.31 - 
a  Four samples from each specimen have been tested. 
b 10 randomly captured representative micrographs were quantified using Scion image analyzer software. 
c  Data obtained from Ref. [25]. 
 
6.2.3 Microstructural Characterization 
 
Results of microstructural characterization of extruded Sn-Al samples are shown in Table 
6.2 and in Figures 6.1 and 6.2 and discussed in terms of: (a) grain morphology and (b) the 
presence, distribution and morphology of the Al particles. Microstructural characterization 
results revealed the presence of near-equiaxed grains for all samples indicating its 
independency on the amount of Al (see Table 6.2). Largest average grain size was 
observed for pure tin samples (see Table 6.2 and Figure 6.1). Grain size started to decrease 
with the increasing amount of Al addition (see Table 6.2). This can be attributed to the 
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pinning of grain boundaries by the increasing amount of aluminum phase resulting in 




      
 
 
Figure 6.1 Representative FESEM micrographs showing the grain morphology of: (a) 
pure Sn, (b) Sn-0.4Al and (c) Sn-0.6Al samples. 
 
 
Table 6.2 Results of grain and aluminum phase morphology of Sn-Al solders. 
 










Vol. % λ  
(µm) 
Sn 22.0 ± 9.0 1.5 ± 0.3 - - - - 
Sn-0.4Al 9.6 ± 3.1 1.5 ± 0.3 0.39 ± 0.2 1.3 ± 0.3 1.21 2.75 
Sn-0.6Al 5.9 ± 2.2 1.6 ± 0.5 0.47 ± 0.2 1.5 ± 0.4 1.55 2.90 
a More than 100 grains have been taken into considerations. 




Chapter 6: Development of Extremely Ductile Sn-Al Solders 
 
 
Development of New Tin Based Formulations 
 
139
The morphology of aluminum phase is shown in Table 6.2 and Figure 6.2. Relatively 
uniform distribution of Al particle was observed in Sn-Al samples. Variation of second 
phase (Al) size was statistically insignificant, considering standard deviation. Volume 
percent of second phase also increased, as expected, with increasing amount of Al (see 
Table 6.2 and Figure 6.2). High resolution image (x100k) confirmed the good interfacial 
integrity between Sn and Al (see Figure 6.2d). Furthermore, higher percentage Al samples 
exhibited marginally higher inter-particle spacing (see Table 6.2). This can be attributed to 
the increase in size of aluminum phase irrespective of its higher amount. 
 
 
      
 
      
 
Figure 6.2 Representative FESEM micrographs showing the second phase 
morphology in: (a) pure Sn, (b) Sn-0.4Al and (c) Sn-0.6Al samples. Fig. 
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6.2.4 Melting Point 
Differential Scanning Calorimetry (DSC) analysis was carried out in order to investigate 
the presence of any temperature dependent reactions on heating the newly developed Sn-
Al solder samples. Figure 6.3 shows the typical DSC curves obtained for pure tin and Sn-
Al samples on heating. Single endothermic peak was observed for all Sn and Sn-Al solder 
samples. This single melting point of these solders suggests the absence of two phase 
effect on melting or solidication. The average melting temperature of pure tin was found 
to be 232.4 0C, while eutectic Sn-0.6Al solder samples melted at 228.3 0C (see Table 6.3 
and Figure 6.3). The melting temperature of Sn-0.4 Al (230.1 0C) and Sn-0.6Al (228.3 0C) 
are close to the commercially available and widely used eutectic Sn-0.7Cu (227 0C) 
solder, indicating that these solders can also be used without changing existing 
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Resistivity is one of the important characteristics of solder materials as they provide an 
electrical connection between the two surfaces they join. Table 6.3 shows the results of 
electrical resistivity of pure tin and Sn-Al solders. The results revealed that pure tin 
exhibited the lowest average electrical resistivity and it increased marginally with 
increasing amount of aluminum addition. This can be attributed to the smaller average 
grain size of Sn-Al solders when compared to pure tin (see Tables 6.2 and 6.3) [12]. The 
presence of lattice imperfections such as grain boundaries (smaller the grain size, higher 
the grain boundaries and higher the lattice imperfection) reduces the mean free path of 
electron motion. This consequently leads to a reduction in electron mobility and hence an 
increase in resistivity value [28, 30-31]. Thus, it is expected that with the addition of Al in 
Sn matrix, the electrical resistivity value of Sn-Al solders will be higher than that of pure 
tin. Furthermore, the marginal increase in porosity with Al addition also leads to the 
higher electrical resistivity values as the porosity acts as non-conducting voids for the 
electron flow (see Tables 6.1 and 6.3) [28, 31-32]. However, the electrical resistivity value 
of one of the most commonly used lead frame materials (Alloy-42) in microelectronic 
application is very high (57 μΩcm) when compared to these Sn-Al solders (see Table 6.3) 
[12]. Hence, these small increments of electrical resistivity of newly developed Sn-Al 
solders will not affect the functionality of the circuit and can still fulfill its role as an 
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Table 6.3 Results of melting temperature, resistivity and XRD of Sn-Al solders. 
 
XRD 




(μΩcm) Sn Al 
Sn 232.4 ± 0.5 13.9 12 - 
Sn-0.4Al 230.1 ± 0.7 15.7 12 - 
Sn-0.6Al 228.3 ± 0.4 18.5 12 2 
Sn-37Pb b 183 14.5 - - 
Sn-0.7Cu b 227 10-15 - - 
Fe-42Ni (Alloy 42)b - 57 - - 
a At least 4 samples in each case has been considered. 
b Data obtained from Ref. [12] and [25]. 
 
6.2.6 X-Ray Diffraction 
X-ray diffraction (XRD) was carried out on all samples (see Table 6.3) using a scanning 
speed of 2.0 deg/min. Only Sn phase was detected while Al and other related phases were 
not detected in the Sn-Al samples. This can be attributed to the limitation of the filtered X-
ray to detect phases with less than 2 volume percent [28, 33-34]. However, a slow speed 
scan (0.2 deg/min) conducted on Sn-0.6Al sample revealed two peaks corresponding to Al 
(see Table 6.3 and Figure 6.4). Moreover, EDS experiment was carried out on all polished 
solder samples (see Figure 6.5). Both line and point scanning results further confirmed the 
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Figure 6.4 Representative XRD results showing the standard Sn and Al peaks in Sn 
and Sn-Al solders. 
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6.2.7 Mechanical Characteristics 
The experimental results of microhardness measurement are shown in Table 6.4. Pure Sn 
exhibited the lowest average hardness value and the average microhardness increased with 
increasing presence of Al in pure Sn. The microhardness increases up to 45% for Sn-0.6Al 
solder samples when compared to its base metal (pure tin). This can be attributed to the 
increasing amount of Al phase in the matrix (see Tables 6.2 and 6.4, Figure 6.2). It may be 
noted that the presence of harder and stiffer second phase acts as potential site for 
obstructing localized plastic deformation of the matrix during localized indentation [28]. 
Furthermore, the lower average grain size such as in Sn-Al solders is associated with 
larger grain boundary area leading to higher hardness [35]. These results are consistent 
with the findings of other researchers working on tin based solders [28, 36]. 
 
Table 6.4 Results of room temperature mechanical properties of Sn and Sn-Al 
solders. 
 







Sn 8.9 ± 0.4 10 ± 2 14 ± 2 127 ± 10 
Sn-0.4Al 12.2 ± 0.3 22 ± 2 25 ± 2 108 ± 5 
Sn-0.6Al 12.9 ± 0.4 25 ± 2 26 ± 2 87 ± 3 
Sn-3.5Ag-0.7Cu a - 26 30 27 
Sn-0.7Cu a - 15 22 39 
Sn-3.5Ag a - 23 27 24 
Sn-37Pb a - 27 31 48 
    a  Data obtained from Ref. [25]. 
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The results of room temperature tensile tests are shown in Table 6.4 and Figure 6.6. 
Results revealed that the strength level of Sn-Al solders increased with the addition of Al 
in tin (see Table 6.4). Sn-0.6Al samples revealed highest 0.2% yield strength (YS) (150%) 
and ultimate tensile strength (UTS) (~ 86%) when compared to pure tin. By comparing 
Sn-0.6Al solder synthesized in this study with the commercial eutectic Sn-0.7Cu [25], 
0.2% YS increased by ~ 67% while UTS increased by ~ 18%. This enhancement will 
assist in longer service life of the newly develop solders due to their enhanced ability to 
withstand the stresses that are generated during use. The increase in 0.2% YS and UTS 
can be rationalized in terms of morphological characteristics associated with: (i) grains, 
(ii) second phase, (iii) aspect ratio of second phase, (iv) interfacial integrity and (v) work 




Figure 6.6 Representative engineering stress-strain curves of Sn and Sn-Al solders 
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Grain size refinement plays a role to increase the material’s strength (see Tables 6.2 and 
6.4, Figures 6.1 and 6.6) [30, 37]. In general, the stress required to operate the dislocation 
sources is the yield stress of a material and is governed primarily by the dislocation 
density that restricts the motion of dislocations. Under the applied stress, these grain 
boundary areas act as the main obstacles to the dislocation movement. According to Hall-
Petch equation, the yield strength yσ  varies with grain size and increases with decrease in 
grain size [30]. 
 
Increment of 0.2% YS and UTS of Sn-Al samples can also be attributed to the increasing 
presence of Al in the matrix (see Tables 6.2 and 6.4 and Figure 6.2). Presence of Al in 
pure tin restricted the grain growth and helps to modify the microstructural features, hence 
increasing strength. This observation is consistent with that reported by other researchers 
working on Sn-based solder materials [27, 37-38]. Moreover, high aspect ratio of Al 
particles also help to increase strength by inhibiting dislocation movements [39]. An 
increase in inter-particle spacing with increasing presence of Al is assumed to be primary 
cause for an insignificant increase in 0.2% YS and UTS when the amount of Al was 
increased from 0.4 to 0.6 weight percent (see Table 6.2 and Figure 6.2) [40]. Effective 
transfer of applied tensile load to the uniformly distributed and well-bonded high strength 
Al also helped to increase overall strength of Sn-Al solders (see Figure 6.2). Furthermore, 
mismatch deformation due to large difference in CTE values of Sn matrix and Al are 
significant to generate geometrically necessary dislocations in the vicinity of the particles 
and hence assisted in increasing strength [24, 41]. 
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Ductility of the pure tin and Sn-Al solder samples are shown in Table 6.4. Results 
revealed that pure tin samples exhibited very high ductility. Ductility started to decrease 
with the addition of Al. However, eutectic Sn-0.6Al solder still exhibited much higher 
ductility than the commercial solders. Ductility was improved by about 123%, 222%, 
263% and 81% when compared to commercially available Sn-0.7Cu, Sn-3.5Ag-0.7Cu, 
Sn-3.5Ag and Sn-37Pb solders, respectively without a compromise in strength (see Table 
6.4). 
 
The reduction in failure strain with an increase in amount of Al can be attributed to the 
increasing amount and increasing aspect ratio of Al in the microstructure (see Tables 6.2 
and 6.4, Figures 6.2 and 6.6). It may be noted that the presence of harder and high aspect 
ratio phases leads to plastic incompatibility with the matrix during tensile loading leading 
to early crack nucleation and hence reduced ductility. This observation is consistent with 
the findings of other researchers working on other solder materials [37, 42]. Moreover, 
increasing presence of volume percent of porosity for Sn-Al solders also assists in 
accelerate the failure mechanism under tensile loading (see Table 6.1). 
 
6.2.8 Fracture Behavior 
Ductile fracture surface of pure tin and Sn-Al solder samples shown in Figure 6.7 revealed 
their own distinctive features at both macroscopic and microscopic levels. Figure 6.7a 
shows two characteristics macroscopic fracture profiles. Longer deformed reduced section 
of tensile tested samples was observed for pure tin samples while Sn-Al solder samples 
exhibited relatively lower length with increasing amount of Al in tin (see Figure 6.7a). 
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The extremely ductile (127%) pure tin samples necked down to a point fracture, showing 
virtually 100% reduction in area. On the other hand, Sn-Al solder samples exhibited the 
cup and cone type of fracture profile common to ductile materials (see Figures 6.7a) where 
fracture was preceded by only a moderate amount of necking. The irregular and fibrous 
appearance at the central interior region of the fracture surface confirms the plastic 
deformation of Sn-Al solders [30].  
 
      
 
      
 
Figure 6.7 Representative pictures showing (a): macroscopic view of fracture 
mechanism of Sn-Al solders and microscopic view of: (b) pure Sn, (c) Sn-
0.4Al and (d) Sn-0.6Al samples. 
 
 
Microscopic analysis of the tensile fracture surface conducted on the pure Sn and Sn-Al 
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half of a microvoid that is formed and then separated during the fracture process. Only a 
few numbers of dimples were observed for pure tin as the samples experienced point like 
fractures. Increasing numbers of dimples were observed with Al addition. Figure 6.7 also 
revealed that size of the dimples decreases with the addition of Al in pure tin.  
 
In essence, results of the present study reveals that the Sn-Al solder samples extruded at 
room temperature exhibited uniform microstructural features, better interfacial integrity 
between Sn and Al, lower density and good combination of mechanical properties in terms 
of microhardness, 0.2% YS, UTS and ductility when compared to the commercially 
available solders. Eutectic Sn-0.6Al solder samples exhibited excellent ductility with an 
increment about 123%, 222%, 263% and 81% when compared to commercially available 
Sn-0.7Cu, Sn-3.5Ag-0.7Cu, Sn-3.5Ag and Sn-37Pb solders, respectively while 
maintaining similar/improved strength levels [25]. High ductility with improved strength 
will enhance the ability of the Sn-Al solders to withstand stresses generated during use 
and hence guarantee longer service life. Melting temperature of Sn-0.6Al was found to be 
228.3 0C which is close to the lead-free eutectic Sn-Cu (227 0C) solder. Solder weight can 
be reduced by 16% using Sn-0.6Al solder instead of Sn-37Pb solder. Furthermore, the 
material cost of Al is very low compared to the Ag, Cu, Bi, In or other widely used 
materials in the commonly used commercial Sn-based solders. All these advantages 
should assist in making Sn-Al solder a potent alternative to the existing lead-free solders 
in near future. Having said this, it will also have to qualify through the standard 
requirements set by the industry for its use in microelectronic packaging. 
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Following conclusions can be made from the research work conducted during my PhD 
candidature. Conclusions are presented in three different sections due to the nature of the 
present work. 
 
7.1 Development of Processing Parameters and High Strength Sn-Cu 
Solders 
 
1. Pure tin can be successfully synthesized from powder by extrusion, either by 
eliminating the sintering step or by using conventional or hybrid microwave 
sintering routes. 
2. Characterization studies reveal that microwave assisted rapid sintering route leads 
to the best combination of microstructural, electrical and mechanical properties. 
3. Tin-copper (Sn-Cu) solders can be successfully synthesized by incorporating nano-
size copper into tin using microwave sintering assisted PM route. 
4. Sn-Cu solder of different formulations exhibited low porosity levels and superior 
combination of physical, electrical, thermal and mechanical properties when 
compared with other commercial solder materials. 
5. The best overall properties (in terms of melting point, CTE, IMC layer thickness, 
0.2% YS and UTS) were observed for Sn-Cu solder with 0.43 wt. % Cu addition. 
6. The use of hybrid microwave sintering process over conventional sintering also 
saves time (upto 85%) and energy (upto 96%) and thus helps to make green world 
by lowering CO2 emission. 
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7. The cost effective, high strength Sn-0.43Cu solder can be considered as a potential 
alternative to commercially available solders and can be used in bar or wire form 
in electronic packaging. 
 
7.2 Development of High Strength Sn-Mg Solder Alloys with 
Reasonable Ductility 
 
1. Sn-Mg solders can be successfully synthesized using disintegrated melt deposition 
technique followed by the room temperature extrusion. 
2. Low cost solders can be produced by using low cost Mg as an alloying element 
with tin replacing high cost Ag, Cu, Bi and In. 
3. Density of the solder material can be reduced by 19% using Sn-2.5Mg solder 
instead of conventional Sn-37Pb solders. This will help to produce light weight 
electronic equipments which are in more demand. 
4. Lower coefficient of thermal expansion value was observed for Sn-2.5Mg solder 
(23.1 x 10-6/K) when compared to the commercially available Sn-37Pb (25 x 10-
6/K) and Sn-0.7Cu (30 x 10-6/K) solders, indicating that this solder formulation 
can be used as a replacement of conventional Sn-37Pb or Sn-0.7Cu solders. 
5. Melting temperature of Sn-Mg solders are lower than the commercially available 
lead-free Sn-Ag (221 0C), Sn-Ag-Cu (217-221 0C) and Sn-Cu (227 0C) solders. 
6. Electrical resistivity of the newly developed Sn-Mg solders is comparable to the 
existing Sn-based solders. 
7. The best overall mechanical properties (in terms of microhardness, 0.2% YS, UTS, 
ductility and WoF) were observed for Sn-2.5Mg solder.  
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7.3 Development of Extremely Ductile Lead-Free Sn-Al Solders for 
Futuristic Electronic Packaging Applications 
 
1. Sn-Al solders can be successfully synthesized using disintegrated melt deposition 
technique followed by the room temperature extrusion. 
2. Low cost solders can be produced by using low cost Al as a second element with 
tin replacing high cost Ag, Cu, Bi and In. 
3. Density of the solder material can be reduced by 16% using Sn-0.6Al solder 
instead of conventional Sn-37Pb solders. This will help to produce light weight 
electronic equipments which are in more demand. 
4. Melting temperature of Sn-0.6Al solder is close to the commercially available 
lead-free Sn-Cu (227 0C) solder. 
5. Sn-Al solder exhibits excellent ductility. Ductility can be improved by about 
123%, 222%, 263% and 81% by using eutectic Sn-0.6Al solder when compared to 
commercially available Sn-0.7Cu, Sn-3.5Ag-0.7Cu, Sn-3.5Ag and Sn-37Pb 
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A master table (see Table 7.1) has been added that reveals the room temperature 
mechanical properties of all lead-free solders synthesized in this study including the 
commercially available lead bearing and lead-free solders for comparative purposes. 
 
Table 7.1 Results of room temperature mechanical properties of newly developed lead-
free solders. 
 









Sn PM 11.2 ± 0.3 38 ± 1 44 ± 2 12.8 ± 1.6
Sn-0.25Cu PM 12.8 ± 0.2 43 ± 1 49 ± 3 8.3 ± 0.6 
Sn-0.43Cu PM 14.3 ± 0.3 50 ± 3 57 ± 4 8.0 ± 1.2 
Sn-0.86Cu PM 14.7 ± 0.5 43 ± 5 49 ± 6 7.5 ± 0.8 
Sn-1.35Cu PM 15.1 ± 0.1 32 ± 3 37 ± 5 6.2 ± 0.3 
Sn Solidification 8.9 ± 0.4 10 ± 2 14 ± 2 127 ± 10 
Sn-0.8 Mg Solidification 14.4 ± 0.3 35 ± 2 51 ± 2 34 ± 7 
Sn-1.5 Mg Solidification 22.6 ± 1.9 51 ± 2 70 ± 3 28 ± 1 
Sn-2.5 Mg Solidification 33.0 ± 1.0 55 ± 7 80 ± 11 30 ± 4 
Sn Solidification 8.9 ± 0.4 10 ± 2 14 ± 2 127 ± 10 
Sn-0.4Al Solidification 12.2 ± 0.3 22 ± 2 25 ± 2 108 ± 5 
Sn-0.6Al Solidification 12.9 ± 0.4 25 ± 2 26 ± 2 87 ± 3 
Sn-3.5Ag-0.7Cu a Solidification - 26 30 27 
Sn-0.7Cu a Solidification - 15 22 39 
Sn-3.5Ag a Solidification - 23 27 24 
Sn-37Pb a Solidification - 27 31 48 
 
a Technical data sheet, Qualitek Group of Companies, Qualitek, Singapore, www.qualitek.com (assessed on May 11, 
2009). 
 

























































The newly developed lead-free high strength Sn-Cu solders or low cost, high strength and 
ductile Sn-Mg and Sn-Al solders have shown lot of the potentials as interconnect materials 
that can be used as the alternatives/replacements of currently used commercial 
leaded/lead-free solders. However, further characterization studies suggested below may 
be conducted for ensuring high reliability.  
 
1. Sn-0.43 Cu solder showed enormous potential as an interconnect materials. 
However, shear, creep, fatigue and drop tests can be conducted to further assess 
the performance of this solder. 
2. Wettability of the Sn-Mg and Sn-Al solders can be studied in order to know the 
wetting ability of these solders. 
3. Aging, shear, creep and drop tests can also be conducted for Sn-Mg and Sn-Al 
solders to study the reliability issues. 
4. In-situ fractograpy technique can be used to study the deformation and fracture 
behaviors of these solder joints. Solder joints subjected to different isothermal 
aging conditions as well as thermal shock and thermal cycling conditions should 
be studied. 
5. Ternary alloy systems like Sn-Mg-Cu, Sb-Mg-Al or Sn-Al-Cu can be studied for 
further development of these newly developed binary solders. 
 





























































Sample Process Log Sheet for PM Processed Sn-0.43Cu solder  
 
Table A-1-14 Process log sheets for Sn/0.43 Cu compacts. 
  
Specimen No. :  14  
   
Sn (99.9%) mass per 
compact : 
298.71g Particle size: less than 44 micron 
  
Cu(99.8%), mass per 
compact : 
1.29 g Particle size: 25 nm 
  
Composition :  Sn/0.43 Cu 
  
Blending parameter :  Ball mill blending, 200 rpm, 1 hr rotation in both way 
  
Compaction parameter :  510 MPa, 1 min dwell time 
  
Sintering parameter / 
date :  
microwave, 11 min 24 sec at 225°C, 12 Feb, 07 
  
Cooling parameter :  30 min oven-cooled, followed by air-cooling to ambient 
  
Extrusion details: 7mm (26.5:1) at RT, 6.55 MPa (950 psi).  





















Sample Process Log Sheet for DMD processed Sn-2.5Mg Solder 
 
Table D-4: Process log sheet for Sn / Mg.  
    
Experimental No. 1 Date 25-Oct-06 
MMC System Sn / 2.5wt%Mg Status pass 
Processing Route Disintegrated melt deposition 
       
     
      
      
      
      
      
      
      
      
      
      
RAW MATERIAL
Matrix Initial Mass (g) Form Purity 
Sn 975.91 shot 99.99% 
REINFORCEMENTS
Type 1 Mg Type 2 NA 
Form turning Form NA 
Mass (g) 25.13 Mass NA 
Wt % 2.5 Wt % NA 
Mode of addition 1st bottom layer 
HEATING TEMPERATURE
Starting Time 1450hrs Ending Time 1614hrs 
Initial Temperature 26 deg C Final Temperature 750 deg C 
APPARATUS
Crucible Type graphite mild steel, twin blade 
Crubicle Size A12 
Impeller Type 
pitch 45 deg 
Crucible Diameter, D 125 mm 
Nozzle Size 10 mm 
Impeller Diameter, d 75 mm 
STIRRING CONDITIONS 
Stirring Temperature 750 deg C Stirrer Position 
Stirring Time 5 mins 
Stirring Speed 450 
20 mm from bottom of crucible 
ARGON SUPPLY
Gas Flow Rate to crucible 3 l/min Gas Flow Rate to mould 25 l/min 
PROCESS PERCENTAGE YIELD
Initial Mass (g) 1001.04 
Deposited Mass (g) 915.7 % Yield (Deposited) 91.5 
Finished Mass (g) NA % Yield (Deposited) NA 
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